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ABSTRACT 
Occupational loading is a signif icant risk factor for back pain and vertebral joint 
disease. Although biornechanical principles predict that spinal loading is affected by 
body proportion, particularly with differences in upper to lower body measurements, 
these differences have not previously been investigated in anthropornetrical studies. 
This research is innovative as it aims to provide a functional explanation for vertebral 
pathology through the use of biomechanical models and the study of biometric: data 
from documented skeletal samples. Particular emphasis is placed on occupation and 
occupational health in the 18 th and I 9th Century silk weaving community. 
Appendicular and axial measurements were recorded along with the presence and 
severity of vertebral osteophytes. Ratio variables were created in order to investigate 
the biornechanical models. The frequency of vertebral osteophytosis was determined in 
relation to sex and age-at-death. Statistical analyses were performed with regards to 
age-at-death and both vertebral osteophytosis and the metric measurements, as well as 
between sex and the metric variables. The association between vertebral osteophytes 
and the metric variables was also analysed. 
A significant interaction was observed between age-at-death and both vertebral 
osteophytes and the metric measurements, Which was subsequently controlled for in the 
statistical analyses. In males, vertebral osteophytes in the lower thoracic and lumbar 
spine were associated with greater skeletal measurements, while those in the cervical 
and mid thoracic region were related to smaller dimensions. In females, osteophytes 
were for the most part associated with larger measurements. The analyses of the ratio 
variables showed that vertebral osteophytes were significantly associated with larger 
upper to lower body dimensions in males. 
The skeletal measurement results suggest that there was either an ergonomic constraint 
in the working environment, possibly as a result of equipment size and/or operation, or 
a propensity towards specific occupations being linked to body size, which is supported 
by contemporary accounts. The ratio variable results substantiate the predictions of the 
biornechanical models that a greater upper to lower body size ratio is associated with 
increased spinal loading. 
TABLE OF CONTENTS 
Section Page 
Abstract i 
Table of Contents ii 
List of Tables vii 
List of Figures x 
Acknowledgments xv 
1 Introduction 1 
1.1 Research Aims and Objectives 4 
1.1.1 Aim One 4 
1.1.2 Aim Two 5 
1.1.3 Aim Three 5 
1.1.4 Aim Four 7 
1.1.5 Additional Objectives 8 
1.2 Significance of Research 8 
1.3 Thesis Structure and Content 9 
2 Body Proportion 10 
2.1 Body Proportion and the Timing of Growth 11 
2.1.1 The Effects of Nutrition and Disease on Growth 15 
2.2 Body Proportion and our Genes 19 
2.2.1 Body Proportion and our Genes - Between Populations 20 
2.2.2 Body Proportion and our Genes - Within Populations 23 
2.3 Summary 25 
3 Anatomy and Biomechanics of the Vertebral Column 26 
3.1 Anatomy of the Vertebral Column 27 
3.1.1 The Cervical Vertebrae 28 
3.1.2 The Thoracic Vertebrae 31 
3.1.3 The Lumbar Vertebrae 33 
ii 
3.2 
3.3 
4 
4.1 
4.2 
4.3 
3.1.4 The Motion Segment 34 
3.1.4.1 The Intervertebral Joint 35 
3.1.4.2 The Facet Joint 37 
3.1.4.3 Motion Segment Biomechanics 38 
Biornechanical Loading on the Spine 39 
3.2.1 The Cervical Spine 40 
3.2.1.1 B iornechanical Loading and Body Proportion - Cervical 43 
Spine 
3.2.2 The Thoracolumbar Spine 43 
3.2.2.1 Standing and Sitting 43 
3.2.2.2 Manual Handling 47 
3.2.2.3 Biornechanical. Loading and Body Proportion - 50 
Thoracolumbar Spine 
3.2.3 Bipedal Locomotion 54 
3.2.3.1 Bipedal Locomotion and Body Proportion 57 
3.2.4 Static and Dynamic Loading Comparisons 57 
Summary 58 
Vertebral Degenerative Joint Disease 60 
Osteophytosis 61 
4.1.1 Intcrvertebral Disc Degeneration 61 
4.1.2 Osteophytes and Disc Degeneration 64 
4.1.3 Facet Joint Osteoarthritis 65 
4.1.4 The Relationship between Facet Joint and Intervertebral. Disc 67 
Degeneration 
4.1.5 Spinal Instability 68 
Prevalence and Risk Factors 71 
4.2.1 Risk Factors 75 
4.2.1.1 Age 76 
4.2.1.2 Sex 78 
4.2.1.3 Mechanical Loading 81 
4.2.1.4 Genetics and Ancestry 85 
Vertebral Degenerative Joint Disease and Body Proportion 89 
iii 
4.4 Summary 94 
5 Materials and Methods 96 
5.1 The Archaeological Sample 96 
5.1.1 The Christchurch, Spitalfields Collection 97 
5.1.2 Kingston upon Thames Quaker burials 102 
5.1.3 The Total Sample 102 
5.2 Methods 103 
5.2.1 Recording of the Metric Data 103 
5.2.1.1 The Clavicle 105 
5.2.1.2 The Scapula 105 
5.2.1.3 The Humerus 106 
5.2.1.4 The Radius 107 
5.2.1.5 The Femur 107 
5.2.1.6 The Tibia 109 
5.2.1.7 The Calcaneus 110 
5.2.1.8 The Vertebral Column 110 
5.2.2 Recording of the Non Metric Data III 
5.2.3 Age-at-Death and Sex 115 
5.3 Intraobserver Error 115 
5.4 Data Recording System 115 
5.5 The Pilot Study 115 
5.6 Statistical Analyses 116 
5.6.1 The Normality of the Data 116 
5.6.2 Age-at-Death Distribution and Sex 116 
5.6.3 Frequency of Vertebral Joint Osteophytes 117 
5.6.4 Interobserver and Intraobserver Measurements 117 
5.6.5 Metric Variables, Age-at-Death and Sex 117 
5.6.6 Metric Variables and Vertebral Joint Osteophytosis 118 
5.7 Summary 118 
6 Results 120 
6.1 Interobserver and Intraobserver Measurements 120 
IV 
6.2 Skeletal Element Frequency 120 
6.3 Normality of the Data 121 
6.4 Age-at-Death Distribution and Sex 121 
6.5 Frequency of Vertebral Joint Osteophytes 122 
6.5.1 Intervertebral Joint Osteophyte Frequency by Vertebral Level 124 
6.5.2 Facet Joint Osteophyte Frequency by Vertebral Level 126 
6.5.3 Relationship between Intervertebral and Facet Joint 128 
Osteophyte Frequency 
6.5.4 Intervertebral Joint Osteophyte Frequency and Age-at-Death 129 
6.5.5 Facet Joint Osteophyte Frequency and Age-at-Death 133 
6.6 Skeletal Metric Measurements and Age-at-Death 135 
6.7 Skeletal Metric Measurements and Sex 137 
6.8 Analyses of the Metric Data and Vertebral Joint Osteophytosis 138 
6.8.1 Skeletal Measurements - Intervertebral Joint Osteophytes 138 
6.8.2 Skeletal Measurements - Facet Joint Osteophytes 144 
6.8.3 Mechanical Loading Variables - Intervertebral Joint 147 
Osteophytes 
6.8.4 Mechanical Loading Variables - Facet Joint Osteophytes 153 
6.8.5 Locomotion Variables - Intervertebral Joint Osteophytes 156 
6.8.6 Locomotion Variables - Facet Joint Osteophytes 159 
6.9 Summary 168 
7 Discussion 170 
7.1 Discussion of the Results 170 
7.1.1 Research Limitations 171 
7.1.2 Osteophyte Frequency 173 
7.1.2.1 Vertebral Joint Osteophyte Frequency and Age-at-Death 176 
7.1.2.2 Vertebral Joint Osteophyte Frequency and Sex 177 
7.1.2.3 Relationship between Intervertebral and Facet Joint 178 
Osteophyte Frequency 
7.1.3 Skeletal Metric Measurements, Age-at-Death and Sex 179 
7.1.4 The Metric Data and Vertebral Osteophytosis - Biornechanical 179 
Relevance 
V 
7.1.4.1 Skeletal Measurement Variables 180 
7.1.4.2 Mechanical Loading Variables 182 
7.1.4.3 Locomotion Variables 185 
7.1.5 Archaeological Significance of the Results 188 
7.2 Summary 193 
8.0 Conclusion and Recommendations 196 
8.1 Conclusions 196 
8.1.1 Conclusions - The Research Aims 196 
8.1.2 Conclusions - Research Relevance 199 
8.1.3 Conclusions - Research Effectiveness 201 
8.2 Recommendations for Further Research 202 
8.2.1 Human Osteology 202 
8.2.2 Occupational Health 204 
8.3 Concluding Remarks 205 
References 207 
Appendices in Volume Two 
Appendix I Data Recording System I 
Appendix 2 Variable Descriptions 5 
Appendix 3 Interobserver and Intraobserver Analyses 26 
Appendix 4 Case Summaries 37 
Appendix 5 Tests For Normality 57 
Appendix 6 Age-at-Death Distribution and Sex 64 
Appendix 7 Osteophyte Frequency 66 
Appendix 8 Metric Variables, Age-at-Death and Sex 95 
Appendix 9 Metric Variables and Vertebral Joint Osteophytosis 104 
vi 
LIST OF TABLES 
Table No. Description 
Table 3.1 Muscles responsible for movement of the head on the neck 
Table 3.2 Muscles responsible for the movement of the head and 
neck 
Table 3.3 Muscles responsible for the movement of the trunk 
Table 3.4 Increase in dynamic spinal loading relative to standing 
value taken from direct intradiscal pressure measurements 
Table 5.1 Range of occupations by socioeconomic status including 
percentage per group 
Table 5.2 Range of age-at-death and sex distribution of the 
archaeological sample 
Table 5.3 Number and percentage of the sample by age-at-death 
group in years 
Table 5.4 Skeletal element metric measurements and biornechanical 
relevance 
Table 5.5 Codes used to assign osteophyte severity 
Table 5.6 Numerical coding used to record the sex of the 
documented sample 
Table 6.1 Percentage distribution of the skeletal elements of the 
archaeological sample 
Table 6.2 Number of individuals, age-at-death range and mean 
values shown by sex 
Table 6.3 Results of independent samples t-test between sex and the 
skeletal metric measurement variables 
Table 6.4 Significant results in relation to the skeletal element 
variables and intervertebral joint osteophytosis in males 
using independent samples t-test 
Table 6.5 Significant results in relation to the skeletal element 
variables and intervertebral joint osteophytosis in females 
using independent samples t-test 
Page 
29 
31 
32 
58 
98 
102 
102 
104 
III 
115 
121 
122 
137 
139 
140 
vii 
Table 6.6 Significant results in relation to the skeletal element 142 
variables and intervertebral joint osteophytosis severity in 
males using ANCOVA 
Table 6.7 Significant results in relation to the skeletal element 143 
variables and intervertebral joint osteophytosis severity in 
females using ANCOVA 
Table 6.8 Significant results in relation to the skeletal element 145 
variables and facet joint osteophytosis in males using 
independent samples t-test 
Table 6.9 Significant results in relation to the skeletal element 146 
variables and facet joint osteophytosis in females using 
independent samples t-test 
Table 6.10 Significant results in relation to the skeletal element 148 
variables and facet joint osteophytosis severity in males 
using ANCOVA 
Table 6.11 Significant results in relation to the skeletal element 149 
variables and facet joint osteophytosis severity in females 
using ANCOVA 
Table 6.12 Significant results in relation to the mechanical loading 151 
variables and intervertebral joint osteophytosis using 
independent samples t-test 
Table 6.13 Significant results in relation to the mechanical loading 152 
variables and intervertebral joint osteophytosis severity 
using ANCOVA 
Table 6.14 Significant results in relation to the mechanical loading 154 
variables and facet joint osteophytosis using independent 
samples t-test 
Table 6.15 Significant results in relation to the mechanical loading 155 
variables and facet joint osteophytosis severity using 
ANCOVA 
Table 6.16 Significant results in relation to the locomotion variables 157 
and intervertebral joint osteophytosis in males using 
independent samples t-test 
viii 
Table 6.17 Significant results in relation to the locomotion variables 158 
and intervertebral. joint osteophytosis in females using 
independent samples t-test 
Table 6.18 Significant results in relation to the locomotion variables 160 
and intervertebral. joint osteophytosis severity in males 
using ANCOVA 
Table 6.19 Significant results in relation to the locomotion variables 161 
and intervertebral joint osteophytosis severity in females 
using ANCOVA 
Table 6.20 Significant results in relation to the locomotion variables 162 
and facet joint osteophytosis in males using independent 
samples Mest 
Table 6.21 Significant results in relation to the locomotion variables 163 
and facet joint osteophytosis in females using independent 
samples t-test 
Table 6.22 Significant results in relation to the locomotion variables 166 
and facet joint osteophytosis severity in males using 
ANCOVA 
Table 6.23 Significant results in relation to the locomotion variables 167 
and facet joint osteophytosis severity in females using 
ANCOVA 
ix 
LIST OF FIGURES 
Figure No. Description Page 
Figure 1.1 The proposed biornechanical relationship between spinal 6 
load, body proportion, back disorders and vertebral joint 
degeneration 
Figure 2.1 Growth velocities from birth to the end of adolescence 12 
Figure 3.1 Lateral view of the human vertebral column 27 
Figure 3.2 The atlas, the axis and a typical cervical vertebra (C5) 29 
Figure 3.3 Superior, lateral and posterior view of T5 31 
Figure 3.4 Superior, lateral and posterior view of LI 33 
Figure 3.5 Lumbar motion segment showing intervertebral and facet 34 
joints 
Figure 3.6 Cross section of an intervertebral joint 35 
Figure 3.7 Basic anatomy of a simple and complex synovial joint 37 
Figure 3.8 Lever arm produced with head in neutral position and in 41 
flexion 
Figure 3.9 Lever arm produced during standing and in flexion 44 
Figure 3.10 Effect of object distance and trunk position on lumbar 47 
spine loading 
Figure 3.11 Effect of lifting method on lumbar spine loading 48 
Figure 3.12 Effect of lower limb length on segment ratio and lever arm 51 
length 
Figure 3.13 Effect of trunk length on segment ratio and lever arm 52 
length 
Figure 3.14 Effect of upper limb length on segment ratio and lever arm 53 
length 
Figure 3.15 Six stages of the stance phase of walking 54 
Figure 3.16 Example of heelstrike transient recorded on floor mounted 55 
force plate during barefoot walking 
Figure 4.1 Healthy and severely degenerated lumbar intervertebral 62 
discs 
x 
Figure 4.2 Plain radiograph of lumbar vertebral body osteophytes on 63 
antero-lateral border 
Figure 4.3 Computerised tomography (CT) scan showing advanced 66 
right lumbar facet OA with large osteophyte 
Figure 4.4 Percentage of anterior osteophytes by vertebral level and 74 
severity 
Figure 4.5 Intervertebral osteophyte frequency by level and sex 74 
Figure 4.6 Intervertebral osteophyte frequency by level for the total 75 
sample and for the age group > 50 years 
Figure 4.7 Percentage of symptomatic and asymptomatic individuals 77 
with lumbar osteophytes shown by age group 
Figure 4.8 Percentage of workers with lumbar disc degeneration by 77 
age group 
Figure 4.9 Percentage of total sample with cervical and lumbar disc 78 
degeneration by age group 
Figure 4.10 Percentage of osteophytes by age group and sex 79 
Figure 4.11 Percentage of lumbar osteophytes by age group and sex 80 
Figure 4.12 Percentage of lumbar osteophytes by vertebral level and 80 
sex 
Figure 4.13 Percentage of lumbar intervertebral joint degeneration by 82 
occupation and severity 
Figure 4.14 Percentage of disc degeneration by occupation 82 
Figure 4.15 Percentage of osteophytes by age group and occupation 83 
Figure 4.16 Percentage of anterior intervertebral osteophytes present in 89 
Caucasoid and Negroid males 
Figure 4.17 Percentage of anterior intervertebral osteophytes present in 89 
Caucasoid and Negroid females 
Figure 5.1 Percentage of Christchurch, Spitalf lelds sample by period 98 
and socioeconomic group 
Figure 5.2 Woman operating an 18 th Century warping machine 99 
Figure 5.3 Engraving by Hogarth showing Spitalfields silk weaving 100 
Figure 5.4 Percentage of total sample by age-at-death group in years 103 
xi 
Figure 5.5 Superior view of left clavicle showing location of 105 
measurements 
Figure 5.6 Posterior view of left scapula showing location of 106 
measurements 
Figure 5.7 Anterior view of left humerus showing location of 107 
measurements 
Figure 5.8 Anterior view of left radius showing location of 107 
measurements 
Figure 5.9 Posterior view of left femur showing location of 108 
measurements 
Figure 5.10 Posterior view of left femur showing location of femoral 109 
neck-shaft angle and the condylo-diaphyseal angle 
Figure 5.11 Anterior view of left tibia showing location of 109 
measurements 
Figure 5.12 Superior view of left calcaneus showing location of 110 
measurements 
Figure 5.13 Lateral view of thoracic vertebra showing location of III 
measurement 
Figure 5.14 Posterior view of right superior facet joint of thoracic 112 
vertebra showing osteophyte of severity grade one 
indicated 
Figure 5.15 Inferior vertebral body of thoracic vertebra showing 112 
osteophyte of severity grade one indicated 
Figure 5.16 Posterior view of right superior facet joint of thoracic 113 
vertebra showing osteophyte of severity grade two 
indicated 
Figure 5.17 Inferior vertebral body of thoracic vertebra showing 113 
osteophyte of severity grade two indicated 
Figure 5.18 Posterior view of right superior facet joint of thoracic 114 
vertebra showing osteophyte of severity grade three 
indicated 
Figure 5.19 Superior vertebral body of lumbar vertebra showing 114 
osteophyte of severity grade three indicated 
xii 
Figure 6.1 Percentage of sample shown by age-at-death group and sex 122 
Figure 6.2 Intervertebral joint osteophyte frequency for the total, male 123 
and female samples by vertebral region 
Figure 6.3 Facet joint osteophyte frequency for the total, male and 123 
female samples by vertebral region 
Figure 6.4 Intervertebral joint osteophyte frequency by vertebral level 124 
for the total sample 
Figure 6.5 Intervertebral. joint osteophyte frequency by vertebral level 124 
and sex 
Figure 6.6 Intervertebral. joint osteophyte frequency at severity 2 by 125 
vertebral level 
Figure 6.7 Intervertebral joint osteophyte frequency at severity 2 by 126 
vertebral level and sex 
Figure 6.8 Facet joint osteophyte frequency by vertebral level for the 126 
total sample 
Figure 6.9 Facet joint osteophyte frequency by vertebral level and sex 127 
Figure 6.10 Facet joint osteophyte frequency at severity 2: 2 by 128 
vertebral level 
Figure 6.11 Facet joint osteophyte frequency at severity ?: 2 by 128 
vertebral level and sex 
Figure 6.12 Intervertebral joint osteophyte frequency by vertebral 129 
region for age-at-death group < 50 years and ýý 50 years 
Figure 6.13 Intervertebral joint osteophyte frequency by vertebral 130 
region and sex for age-at-death group 3544 years, 45-54 
years, 55-64 years and > 64 years 
Figure 6.14 Intervertebral joint osteophyte frequency by vertebral 130 
region and sex for age-at-death group < 50 years and 2: 50 
years 
Figure 6.15 Intervertebral. joint osteophyte frequency at severity ý: 2 by 131 
vertebral region for age-at-death group < 50 years and ý: 50 
years 
xiii 
Figure 6.16 Intervertebral joint osteophyte frequency at severity ý! 2 by 
vertebral region and sex for age-at-death group 35-44 
years, 45-54 years, 55-64 years and > 64 years 
Figure 6.17 Intervertebral joint osteophyte frequency at severity ý! 2 by 
vertebral region and sex for age-at-death group < 50 years 
and ý: 50 years 
Figure 6.18 Facet joint osteophyte frequency by vertebral region for 
age-at-death group < 50 years and ?: 50 years 
Figure 6.19 Facet osteophyte frequency by vertebral region and sex for 
age-at-death group < 50 years and ý: 50 years 
Figure 6.20 Facet joint osteophyte frequency at severity ý: 2 by 
vertebral region for age-at-death group < 50 years and ý: 50 
years 
Figure 6.21 Facet osteophyte at severity ý: 2 by vertebral region and 
sex for age-at-death group < 50 years and > 50 years 
Figure 6.22 Relationship between age-at-death and femoral length in 
the female sample 
Figure 6.23 Relationship between age-at-death and femoral length in 
the male sample 
132 
132 
133 
134 
134 
135 
136 
136 
xiv 
ACKNOWLEDGMENTS 
During the completion of this thesis numerous individuals have provided advice, 
guidance and support. I would particularly like to thank those people listed below and 
apologise to anyone who has been unintentionally omitted. 
Dr Linda O'Connell for her help and advice in the initial development and supervision 
of this research investigation and her continued advice and support as an external 
supervisor. I would also like to thank Dr O'Connell for the loan of her PhD thesis and 
various text books. 
Dr Ellen Hambleton of Bournemouth University who kindly took up the role as first 
supervisor after the departure of Dr O'Connell. I would particularly like to thank Dr 
Hambleton for her enthusiasm, unwavering positive approach and unconditional 
support. 
Dr Paul Thompson and Dr Marie Louise Jorkov of Bournemouth University who 
provided valuable guidance at the PhD transfer viva. I would also like to thank Dr 
Jorkov for the feedback she provided in her supervisory capacity. 
Mark Maltby of Bournemouth University for keeping an ever present watchful eye over 
the proceedings. 
Dr John Beavis of Bournemouth University who guided me through the process of 
statistical analyses and the use of SPSS. I would also like to thank Dr Beavis for the 
flexibility he afforded in our meeting arrangements. 
Janet Coles and Jennifer Palgrave of Bournemouth University Inter Library Loan 
Department who provided an excellent service and were kind enough to mail material to 
my home address on a regular basis. 
Dr Louise Humphrey and Dr Robert Kruszynski of the Natural History Museum, and 
Patricia Furphy of Bournemouth University for their assistance with the skeletal 
collections employed in this research. 
xv 
Pricilla Lowry and the late Peter Collingwood who were kind enough to take the time to 
reply to my emails and provided invaluable insight into the art of weaving both past and 
present. 
Lucy Gwynn, Project Librarian at the Huguenot Society who recommended invaluable 
sources of information regarding the Spitalf ields weaving community. 
Lastly I thank my wife Sharron without whose unquestioning support I could not have 
undertaken this doctoral research. 
xvi 
CHAPTER 1- INTRODUCTION 
Back disorders affect the majority of people at some time in their lives, a fact that is 
reflected by the high prevalence rates in populations worldwide (lifetime prevalence 
50% - 80%) (French et al., 1997; Hillman et al., 1996; Jin et al., 2004; Schneider et al., 
2005; van Zundert and van Kleef, 2005; Walker et al., 2004). In addition, the frequency 
of sickness absence as a result of back disorders has a large detrimental impact on the 
global economy (approximately $25 billion direct costs in the United States alone) 
(Frymoyer and Cats-Baril, 199 1; Hutubessy et al., 1999; Lahiri et al., 2005a; Lahiri et 
al., 2005b; Maetzel and Li, 2002; Maniadakis and Gray, 2000). It is generally accepted 
that in the majority of cases back disorders have a multifactorial aetiology (Aridns et al., 
200 1 b; Harreby et al., 1999; Jones et al., 2005; Poussa et al., 2005a). However, 
research has shown that there are numerous risk factors that can increase the likelihood 
of back disorders including; age, sex, socioeconomic status, mental health, lifestyle, 
occupation and anthropometric parameters (Adams et al., 1999; Aridns et al., 200 1 b; 
Bener et al., 2004; Carroll et al., 2004; Deyo and Bass, 1989; Harreby et al., 1999; 
Jones et al., 2005; Koster et al., 2004; Kostova and Koleva, 200 1; Park et al., 200 1, 
Poussa et al., 2005a). The risk of injury, pain and future vertebral joint degeneration 
has been shown to be greater in occupational groups that experience high levels of 
manual handling (Chaffin and Park, 1973; Kerr et al., 200 1; Lawrence, 1955; Lawrence, 
1969a; Seidler et al., 200 1). Furthermore, it is apparent from the biornechanical 
properties of the musculoskeletal system that differences in body proportion can affect 
the amount of loading placed upon the spine, particularly during manual handling 
activities (Adams et al., 1999; Adams et al., 2006; Hobbs and Aurora, 199 1; Nordin and 
Weiner, 2001). 
Over the past 50 years there have been numerous studies that have shown a relationship 
between back disorders and body proportion, lending support to these biornechanical 
principles. Height and weight are the most common anthropometric parameters that 
appear in the literature (Bamekow-Bergkvist et al., 1998; Biering-Sorensen, 1984; 
Bbstman, 1993; Croft et al., 1999; Heli6vaara, 1987; Hrubec: and Nashold, 1975; 
Karvonen et al., 1980; Kelsey, 1975; Kuh et al., 1993; Kujala et al., 1996; Lawrence, 
1955; Leclerc et al., 2003; MacGregor et al., 2004; Marras et al., 200 1; Palmer et al., 
2003; Pedersen et al., 1975; Salminen et al., 1995; Smedley et al., 1997; Sobti et al., 
1997; Tauber, 1970; Vasse1jen et al., 200 1; Weir, 1979). This is primarily due to their 
inclusion in more widespread studies into the risk factors associated with back 
disorders. There have been fewer studies that have included upper limb length, trunk 
length and / or lower limb length, and it is these studies that have tended to concentrate 
on anthropometry alone (Adams et al., 1999; Ebrall, 1994; Fairbank, 1984; Nissinen et 
al., 1994; Salminen et al., 1992; Steele et al., 200 1). Anthropornetric parameters are 
rarely included in studies into neck pain, possibly due to its frequent association with 
trauma, headache, ergonomics and lifestyle (Aridns et al., 200 1 a; Brattberg, 1994; Falla 
et al., 2004; Fukushima et al., 2006; Guez et al., 2002; Hasvold and Johnsen, 1993; Hill 
et al., 2004; Holm et al., 2006; Kasch et al., 200 1; Milanese and Grimmer, 2004; 
Radanov et al., 1993; Rempel et al., 2007). Interestingly, where neck pain has been 
investigated in association with height, conflicting results have been observed, which 
suggests an ergonomic relationship between the two factors (Bj6rkstdn et al., 1996; 
Poussa et al., 2005b; Vasse1jen et al., 200 1). 
When biomechanical lever arm models are adapted to account for variation in upper to 
lower body measurements they show that differences in body proportion affect the 
amount of load placed on the spine during manual handling (Adams et al., 2006; Hobbs 
and Aurora, 199 1; Nordin and Weiner, 200 1). However, none of the anthropornetrical 
studies have considered the effects of segment length differences. Some evidence to 
support the lever arm models can be found through examining back disorder prevalence 
in ancestral groups. Research has shown that a significant difference in body proportion 
exists between Caucasians and individuals of Negroid ancestry (Azinge et al., 2003; 
Chumlea et al., 1998; Gilsanz et al., 1998; Hamill et al., 1973; Krogman, 1970; Nyati et 
al., 2006; Shaffer et al., 2007). Caucasians have a greater trunk length to lower limb 
length ratio, which the biomechanical models predict will result in greater spinal 
loading. In fact North American studies have shown the prevalence rate of back pain 
and vertebral joint degeneration in Caucasians to be double that of the Negroid 
population (Carey et al., 1996; Coeytaux et al., 2004; Cunningham and Kelsey, 1984; 
Feller, 198 1; Lethbridge-qejku et al., 2004; Lethbridge-qejku et al., 2005; Lethbridge- 
C, ejku and Vickerie, 2005; Lucas et al., 2004; Nathan, 1962; Park, 1993; Pleis and 
Lethbridge-qejku, 2006; Ricci et al., 2006). These findings support both the 
biornechanical models and the occupational studies, which have shown increased 
loading of the spine to be a significant risk factor. 
2 
The majority of the above anthropometric studies have been concerned solely with back 
pain, which is regarded as being notoriously subjective and as such is considered an 
unreliable indicator of either disability, quality of life, or underlying pathological 
change (Gockel et al., 2008; Lloyd et al., 2008; Mannion et al., 2007; Miller, 2002). 
Furthermore, although vertebral joint pathology has been shown to be responsible for 
back pain (Burke et al., 2002; Coppes et al., 1997; Lamer, 1999; Lewinnek and 
Warfield, 1986; Mooney and Robertson, 1976; Schwarzer et al., 1994), radiographic 
imaging studies frequently reveal degenerative change in both asymptomatic, as well as 
symptomatic individuals (Boden et al., 199 1; Elfering et al., 2002; Jensen et al., 1994; 
Lehto et al., 1994; Schenk et al., 2006; Weishaupt et al., 1998; Witt et al., 1984). There 
is therefore, due to a scarcity of research based on pathological change, very little 
evidence to associate vertebral joint degenerative change with anthropometric 
measurements. 
Osteological research is fundamental in advancing our knowledge of past populations. 
In this investigation the study of human skeletal remains affords the unique opportunity 
to directly explore the association between vertebral joint degeneration and skeletal 
measurements. It is possible to carry out the research without the use of either 
subjective pain measurement, or the need for radiographic imaging, along with the 
associated ethical and / or sampling issues that these techniques present. In addition, 
skeletal material allows a more direct and accurate way of measuring degenerative 
change and is ultimately less subjective than recording levels of pain. Anthropometric 
measurements can also be taken that would otherwise be impossible in living 
participants without the use of x-ray and / or MRI equipment to obtain similar results. 
Vertebral joint degeneration and, in certain populations, skeletal measurements, have 
been shown to correlate with age-at-death (Frymoyer et al., 1984; Gunnell et al., 200 1; 
Kemkes-Grottenthaler, 2005; Lawrence, 1969a; O'Neill et al., 1999; Peterson et al., 
2000; Pye et al., 2004; Sakai et al., 2007; Torgerson et al., 1976). As a consequence of 
these findings, along with between-sex differences in body proportion, it is a 
requirement that the actual age-at-death and sex of the individuals in the archaeological 
sample are known in order to present an accurate interpretation of the results. For this 
reason, the documented 18 th and I 9th Century skeletal collections, from both 
Christchurch Spitalfields, currently held at the Natural History Museum, and the 
1. Stunting, as a consequence of under nutrition and / or illness during infancy, has been shown to be 
related to reduced longevity in certain populations. 
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Kingston upon Thames Quaker burials, currently located at Bournemouth University, 
are included in the research analyses. 
I. 1 Research Aims and Objectives 
In order to undertake this biometrical investigation into the relationship between 
vertebral joint osteophytosis and body proportion biomechanics four aims have been 
identified, each of which is described below along with their specific objectives. 
1.1.1 Aim One: To Identify the Biornechanical Effects of Occupation on the 
Frequency of Vertebral Joint Osteophytosis in a Documented Archaeological 
Population 
'Me biornechanical effects of manual handling have been shown to increase the load 
placed on the vertebral joints (Marras et al., 1999b, Polga et al., 2004; Wilke et al., 
1999). Furthermore, high levels of occupational manual handling have been 
demonstrated to be a risk factor for vertebral joint degeneration (Chaffin and Park, 
1973; Kerr et al., 200 1; Lawrence, 1955; Lawrence, 1969a; Seidler et al., 200 1). In 
order to identify the biornechanical effects of occupation on vertebral joint osteophyte 
frequency in the archaeological sample, a comparison with the prevalence of 
osteophytosis in modem general population and occupational samples will be 
undertaken. This will also take into account the four main risk factors associated with 
vertebral joint disease; age, sex, mechanical loading and ancestry. The comparison will 
attempt to distinguish similar frequency trends in order to understand the degree of 
manual handling being performed in the archaeological sample, and how it may relate to 
particular occupational groups. In order to achieve the first research aim, the following 
objectives will be carried out: 
9A review of vertebral joint osteophyte frequency in modem general population and 
occupational samples 
*A review of vertebral joint osteophyte frequency in relation to age, sex, mechanical 
loading and ancestry 
* The analyses and presentation of vertebral joint osteophyte frequency in the 
archaeological sample 
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eA comparison of the research findings with modern clinical, general population and 
occupational studies 
1.1.2 Aim Two - To Identify Age and / or Sex Related Differences in Body 
Proportion in a Documented Archaeological Population 
As previously mentioned, research has shown that in certain archaeological populations 
skeletal measurements correlate with age-at-death (Gunnell et al., 200 1; Kemkes- 
Grottenthaler, 2005). In addition, differences in socioeconomic status have been shown 
to correlate with height as a result of stunting (Kuh et al., 199 1; Martin et al., 2002; 
Salvatore, 2004; Silventoinen et al., 2001). As sexual dimorphism in body proportion is 
also evident between males and females, the identification of age and / or sex related 
differences in skeletal measurements in the archaeological sample allows for a greater 
consideration of social and / or environmental factors when interpreting the results 
(Cole, 2000b; Holden and Mace, 1999; Kuh et al., 199 1). Furthermore, because 
vertebral joint osteophytes correlate with age, this also allows for any relationship 
between skeletal measurements and age-at-death, which would become a confounding 
variable, to be controlled for during the statistical analyses (Frymoyer et al., 1984; 
Lawrence, 1969a; O'Neill et al., 1999; Peterson et al., 2000; Pye et al., 2004; Sakai et 
al., 2007; Torgerson et al., 1976). The following objectives will be carried out with 
regards to the second research aim: 
*A review of the genetic and environmental factors involved in growth in order to 
understand individual differences in human morphology 
* The analyses and presentation of the metric data in relation to age-at-death and sex 
1.1.3 Aim Three - To Investigate the Biomechanical Effects of Body Proportion on 
the Presence and SeveritY of Vertebral Joint Osteophytosis in a Documented 
Archaeological Population 
Studies have shown that the amount of load placed on the spine is increased due to the 
biornechanical effects of manual handling, high levels of which have also been 
identified as a risk factor for vertebral joint degeneration (Chaffin and Park, 1973; Keff 
et al., 200 1; Lawrence, 1955; Lawrence, 1969a; Marras et al., 1999a; Polga et al., 2004; 
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Seidler et al., 200 1; Wilke et al., 1999). Although biomechanical modelling predicts 
that differences in upper to lower segment measurements will affect the amount of load 
placed on the spine, the adoption of a suitable methodological approach has not been 
included in anthropometrical back disorder studies (Adams et al., 2006; Hobbs and 
Aurora, 199 1; Nordin and Weiner, 200 1). The proposed relationship between 
biomechanics, spinal load, body proportion, back disorders and vertebral joint 
degeneration is shown in Figure 1.1. 
LEVER ARM 
AFFECTS SPINAL BACK 
LOAD PAIN 
MUSCULOSKELETAL " SPINAL BACK 
BIOMECHANICS F--H LOADING DISORDERS 
BODY PROPORTION DEGENERATIVE 
AFFECTS DISEASE 
LEVER ARM 
BODY PROPORTION PREDICTS 
VERTEBRAL JOINT 
DEGENERATION 
Figure 1.1 The proposed biomechanical relationship between spinal load, body 
proportion, back disorders and vertebral joint degeneration (Source: The Author). 
The purpose of this aim is to investigate whether increased spinal loading, resulting 
from the biornechanical affects of body proportion, can be substantiated by examining 
the relationship between anthropometric parameters and evidence of vertebral 
degenerative joint disease in a documented archaeological population. Because 
predominantly only height and weight have been included in clinical anthropometric 
investigations, skeletal element measurements, along with upper to lower segment ratio 
variables are included in this research. It is proposed that this methodology will result 
in a better understanding of the relationship between the biomechanical affects of body 
proportion and vertebral joint degeneration. This third research aim will be facilitated 
by the following objectives: 
A review of the skeletal anatomy of the vertebral column 
A review of musculoskeletal biornechanics in relation to the loading of the vertebral 
column 
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9A review of the pathological basis of vertebral joint osteophytosis 
*A review of the clinical studies into the relationship between anthropornetric 
parameters and vertebral joint degeneration 
,P The analyses and presentation of the metric data in relation to vertebral joint 
osteophyte frequency 
*A comparison of the research findings with modern clinical, general population and 
occupational studies 
1.1.4 Aim Four - To Identify and / or Substantiate Occupational and 
Environmental Trends in a Documented Archaeological Population through the 
Analyses of Vertebral Joint Osteophytosis and Body Proportion 
It is known that the silk industry was the prominent employer in the Spitalfields area 
during the 18 th and early I 9th Centuries (Guillery, 2004; Kean, 2001; Sibbald, 1890). 
Historical records also show that a large proportion of the archaeological sample were 
employed in, or associated with, the silk weaving profession (Molleson and Cox, 1993). 
In addition, the ergonomic impact of working in the silk industry can be ascertained 
from present master weavers, particularly those with knowledge of historical working 
practices (Collingwood, 2008; Lowry, 2004; Lowry 2008). Furthermore, an indication 
as to the health complaints of the Spitalfields population in general can be found in both 
contemporary reports and the registers of the French Protestant Hospital (Hickson, 
1840; Marmoy, 1977a; Marmoy, 1977b; Mitchell et al., 1840). Aim four will therefore 
evaluate the evidence relating to the occupation and occupational health of the 
archaeological sample, in an attempt to contextualise the research findings in respect of 
aims one to three. In order to achieve the fourth research aim the following objectives 
will be carried out: 
*A review of the history of the archaeological sample with particular reference to 
occupation and occupational health 
*A comparison of the research findings with the historical evidence relating to the 
archaeological sample 
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1.1.5 Additional Objectives 
In addition to the aim specific objectives presented in the preceding sections, the 
following general objectives have also been constructed: 
" To determine suitable parameters and measurements of the appendicular skeleton 
and vertebral column 
" To create a recording system to enable the collection and analysis of biometric data 
" To analyse and record the severity of osteophytosis in the vertebral column using 
archaeological material 
" To analyse and record metric parameters relating to the clavicle, scapula, humerus, 
radius, femur, tibia, calcaneus and vertebral column 
1.2 Significance of Research 
This study is innovative as it will endeavour to give a functional explanation for the 
appearance of vertebral joint pathology through the employment of biornechanical 
models and the study of biometric data. It will provide greater knowledge of the 
occupational health of a post-medicval urban society and has the potential of adding to, 
as well as substantiating, our current interpretation of historical accounts. It may also 
benefit the wider field of biological anthropology, by providing a better understanding 
of the causes of vertebral joint pathology observed in human skeletal remains. In 
addition, it should also allow a more informed interpretation of past populations, 
particularly with regards to occupation and occupational health. This research may also 
benefit both biornechanical and medical related disciplines that study back disorders. It 
should present a better understanding of the relationship between the musculoskeletal 
biornechanics of body proportion and vertebral joint degeneration. This will provide a 
greater insight into the aetiology of degenerative changes in the human vertebral 
column. It may also offer a better understanding of why back disorders affect some 
individuals and not others with otherwise similar risk factors. In addition, it should 
allow a more informed risk assessment of individuals in an attempt to prevent back 
disorders before their onset, for example in the science of ergonomics. 
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1.3 Thesis Structure and Content 
Whilst this biometric investigation is primarily archaeological in nature, through the use 
of 18 th and I 9th Century human skeletal remains, modem cadaveric, clinical, general 
population and occupational investigations are utilised for comparative purposes. 
Although living population studies are not without their sampling and methodological 
criticisms, which are discussed further in Chapter 4, they remain the most accurate 
source from which to interpret the research findings. However, the results of relevant 
investigations carried out using documented skeletal collections are included where 
appropriate. For all studies, the country of origin, age range and sex are given where 
available. Unfortunately, this information is not always published and the related 
limitations for interpretation are discussed. 
The thesis is organised into eight chapters starting with the introduction. Chapters 2-4 
constitute a review of the relevant academic literature. This review begins with the 
genetic and environmental factors that together result in the individual differences 
apparent in human body proportion. Chapter 3 details the skeletal anatomy of the spine 
and the vertebral joints, followed by a review of the biornechanical models and previous 
research relevant to body proportion and spinal loading. The pathological processes 
associated with vertebral joint degeneration along with its prevalence and associated 
risk factors are discussed in Chapter 4, while Chapter 5 details both the materials and 
research methodology. Chapter 5 also includes a review of the historical evidence 
related to the occupation and occupational health of the archaeological sample. The 
results of the statistical analyses are described in Chapter 6 while Chapter 7 discusses 
these results in the context of the research aims. The final thesis chapter presents the 
conclusions and recommendations for further research. 
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CHAPTER 2- BODY PROPORTION 
Biomechanical models predict that individual differences in body proportion will affect 
the amount of load placed on the spine, an increase in which has been shown to be a risk 
factor for vertebral joint degeneration (Kellgren and Lawrence, 1952; Lawrence, 1969a; 
O'Neill et al., 1999; Riihim5ki et al., 1990; Seidler et al., 200 1). As a prologue to this 
biornechanical and pathological argument, Chapter 2 examines why differences in body 
proportion exist. 
Body size is achieved through the interaction of our genes and the environment, of 
which both act upon the timing of growth from infancy through to the end of 
adolescence. Research has shown that body proportion is inextricably associated with 
our health and longevity. Nutritional deficiencies during development, either as a result 
of diet, disease or a combination of both, can bring about a reduction in growth resulting 
in stunting, which in the majority of cases is due to a reduction in lower limb length 
(Cole, 2000a; Crooks, 1999; Gunnell et al., 1998; Moayyedi et al., 2005; Oliveira et al., 
2000; Oyhenart et al., 2003; Reyes et al., 2003; Sant'Anna et al., 1996; Silventoinen, 
2003; Stephensen, 1999; Stinson, 1996; Wadsworth et al., 2002). Stunting has also 
been observed in individuals who are bottle fed as infants, compared to those who are 
breast fed, and through the effects of environmental pollutants during childhood 
(Frisancho and Ryan, 199 1; Golding et al., 1997a; Golding et al., 1997b; Goyer, 1990; 
Ignasiak et al., 2006; Martin et al., 2002; Schwart et al., 1986; Wadsworth et al., 2002). 
As well as reducing linear growth, under-nutrition has also been shown to have a 
detrimental effect on health during adulthood. Studies into the association between 
stature, coronary heart disease (CHD) and lung function have been shown to correlate 
inversely with height (Forsen et al., 2000; Gunnell et al., 1998; Lawlor et al., 2004; 
Parker et al., 1998; Walker et al., 1989; Wamala et al., 1999). This relationship has 
also been observed with other aspects of cardiac function including cardiac output and 
systolic blood pressure (Langenberg et al., 2003; van Rooyen et al., 2005). Secular 
increases in height have been observed in many populations as a result of improved 
nutrition and public health care policies (Dittmar, 1998; Kromeyer-Hauschild and 
Jaeger, 2000; Samaras and Storms, 2002; Samaras et al., 2003). The increase in stature 
is almost entirely due to a greater increase in lower limb length compared to trunk 
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length (Bogin et al., 2002; Cole, 2000a; Jantz and Jantz, 1999; Malina et al., 2004; 
Sanna and Soro, 2000). Whereas short stature has particularly been linked with CHD, 
studies have shown that tall stature is related to certain types of cancer (Albanes et al., 
1988; Dieckmann and Pichlmeier, 2002; Giovannucci et al., 1997; Gunnell et al., 1998; 
Smith et al., 2000; Swanson et al., 1988). Not surprisingly our height has also been 
linked with mortality. Short stature, resulting from nutritional deficiencies brought 
about by reduced socioeconomic status, is associated with reduced longevity while 
conversely, short stature, not caused by inadequate nutrition, confers longevity and may 
be adaptive (Engeland et al., 2003; Gunnell et al., 1998; Jousilahti et al., 2000; 
Langenberg et al., 2005; Samaras and Storms, 2002; Samaras et al., 2003; Sekler, 1980; 
Song et al., 2003; Tanner, 1982). 
The largest overall influence on our body proportion is genetic, with our genes being 
responsible for eighty percent of the variation in body size (Silventoinen, 2003). At the 
familial level the strength of this association has been confirmed by research using twin 
studies, which have shown that the closer the genetic relationship between individuals 
the greater the correlation with body proportion (Beunen et al., 2000; Fischbein, 1977; 
Hauspie et al., 1994; Ijzerman et al., 200 1; Pietilainen et al., 200 1; Pietilainen et al., 
2002; Rebato et al., 1997; Sharma, 1983; van Dommelen et al., 2004; Watanabe et al., 
200 1; Wilson, 1979). At the population level investigations into the variation between 
groups of differing ancestry have also confirmed the influence of our genes over our 
anthropometric dimensions. Populations of Caucasoid and Negroid ancestry have been 
shown to consistently differ significantly in both their lower limb length and trunk 
length, with Caucasoid individuals having predominantly shorter lower limbs and 
longer trunks (Chumlea et al., 1998; Eveleth and Tanner, 199 1; Gilsanz et al., 1998; 
Hamill et al., 1973; Krogman, 1970; Meredith, 1936; Nyati et al., 2006; Reeves et al., 
1996; Ruff, 2002; Ulijaszek, 2001). 
2.1 Body Proportion and the Timing of Growth 
Growth occurs throughout childhood and in particular during infancy and adolescence, 
at which times there is a marked increase in velocity (Figure 2.1) (Pond, 1995). The 
fastest growth rate takes Place in early infancy, after which the velocity decreases until 
the start of adolescence. During adolescence the growth rate again increases before 
II 
ultimately coming to an end when fusion takes place (Pond, 1995; Scheuer and Black, 
2000; White and Folkens, 2000). Fiaure 2.1 also shows the difference between the 
sexes in the commencement and completion of adolescent growth, with females 
reaching skeletal maturity approximately two years earlier than males (Pond, 1995; 
Scheuer and Black, 2000). In addition, the timing of peak growth velocity (PV) is 
different for the upper and lower body segments, and it is differences between 
individuals in the timing of segment growth that results in differences in body 
proportion (Cameron et al., 1982; Dangour et al., 2002; Fredriks et al., 2005; Gasser et Z- 
al., 199 1; Gasser et al., 200 1 a; Gasser et al., 200 1 b; Geithner et al., 1999; Rao et al., 
2000; Sheehy et al., 1999; Smith and Buschang, 2005). 
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Figure 2.1 Growth velocities from birth (crown rump lent--th) to the end of adolescence 
(height) (Source: Adapted from Pond (1995: 7). Original Figure No. 1.2). 
The variation in timing and intensity of growth for both males and females has been 
extensively studied. Geithner et at. (1999) carried out a longitudinal investigation using 
a sample of 101 Polish adolescents (52 males, 49 females). In order to capture the PV 
of the pubertal growth spurt (PS) the study commenced when the children were II years 
of age and data was collected at regular intervals up to an age of 18 years. The results 
showed that with regards to the timing of growth, girls achieved their PV significantly 
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earlier than boys (P < 0.05) but the intensity at which the growth occurred was less (P < 
0.05) (ibid. ). In respect of lower limb length and trunk length, the pattern was the same 
for both sexes, with the lower segment PV taking place first (ibid. ). The same 
differences in the timing of growth between males and females have been observed 
between groups of tall and short stature. Gasser et al. (200 1 a) used the results of a 
longitudinal study that began in Zurich in 1954 to investigate the growth processes by 
which differences in height occur. In the original investigation anthropometric 
measurements were collected from children starting at one month old and continuing up 
to the age of 20 years. Final height data from both the tallest third and shortest third of 
the original sample were used to form two subgroups, each of which contained 
measurements from 77 individuals, which were then further divided by sex (40 males, 
37 females). Gasser et al. (200 1 a) observed that tall individuals experienced both a 
delay in the onset of the pubertal growth spurt and a higher growth velocity before 
puberty compared to those of the same sex who were short. They also saw a strong 
genetic influence on stature with the same directional differences in dimensions 
between the two groups at one month old and at adult height (ibid. ). Using the same 
dataset, Gasser et al. (200 1 b) observed that not only was there a difference in height 
between individuals who matured either early (short) or late (tall), but also that the 
difference was almost entirely due to lower limb length (ibid. ). 
Rao et al. (2000) investigated the relationship between anthropometric parameters and 
the adolescent growth spurt of 1020 (587 males, 433 females) children from rural India. 
They recorded the height, shoulder width, sitting height, lower limb length and foot 
length of children (aged nine to 18 years) annually over a three year period. The results 
showed that before puberty the lower limbs grew faster than the trunk, however during 
the pubertal growth spurt the order was reversed with trunk PV being significantly 
greater than lower limb length PV (P < 0.0 1) (ibid. ). When they examined the growth 
sequence of the anthropornetric parameters they saw that for both sexes PV occurred in 
the following order; foot length, lower limb length, trunk length and shoulder width. 
They also observed that the timing of PV for foot length followed closely that of lower 
limb length with the same pattern applying to shoulder width and the growth of the 
trunk (ibid. ). The same PV sequence for lower limb length and trunk height was 
observed by Dangour et al. (2002). They used measurements collected from a British 
sample of 2632 children (1424 males, 1208 females) all aged less than 25 years. In 
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agreement with the previous studies, their results showed that lower limb length PV 
occurred earlier than trunk height PV. In addition, when they compared their results to 
previously collected reference data (Tanner et al., 1966a; Tanner et al., 1966b) they saw 
that there was a significant difference in lower limb length at 18 years of age (males P< 
0.00 1, females P<0.0 1). As there was little variation in trunk length, the secular 
increase in height that had occurred in the time that had elapsed between the two studies 
was almost entirely as a result of longer lower limbs (Dangour et al., 2002). 
Studies have also examined the relationship between the peak growth velocity of upper 
limb length, lower limb length and trunk height (Cameron et al., 1982; Gasser et al., 
1991; Sheehy et al., 1999; Smith and Buschang, 2005). Cameron et al. (1982) 
investigated the limb segment growth during adolescence of 96 British children (52 
males, 44 females) using data from the Royal Hospital School Longitudinal Growth 
Study. Anthropometric measurements were taken at the start of each school term 
commencing when the children were approximately II years of age, with the last 
measurements taken at around 18 years of age (ibid. ). The results showed that the PV 
of the upper arm and forearm took place after the PV for lower limb length and that the 
average age for both parameters was similar to that of trunk height (ibid. ). Gasser et al. 
(1991) analysed data from the Zurich 1954 longitudinal study (previously described) in 
order to ascertain the dynamics of linear growth from birth to adulthood. They 
observed that during the mid growth spurt (NIS) the PV of trunk height occurred before 
the PV of lower limb length, which was the reverse of what occurs during the PS. The 
duration of both the MS and the PS were around two years (ibid. ). The MS peaked at 
approximately seven years of age for both sexes while the PV of the PS was around 14 
years of age for males, and occurred approximately two years earlier in females. They 
also found that from the age of nine months up to the start of the PS, lower limb length 
increased 1.5 % more each year compared with trunk height, and that between the age 
of two years and maturity, the growth dynamics of the upper limb more closely 
resembled the pattern of the trunk (ibid. ). Smith and Buschang (2005) obtained similar 
results regarding the timing of upper limb bone development in their investigation into 
adolescent long bone growth. Longitudinal data from the Denver Child Research 
Council was utilised in order to model the long bone growth of 69 adolescents (33 male, 
36 female). Twice yearly measurements were available from children aged 10 years up 
to the completion of long bone growth. They observed that for both males and females 
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the PV of the humerus and radius occurred at the same time as the PV for height and 
after the femur and tibia (ibid. ), which is more similar to the pattern followed by trunk 
length (Cameron et al., 1982; Gasser et al., 199 1). 
2.1.1 The Effects of Nutrition and Disease on Growth 
A secular increase in stature has occurred in many different populations over the last 
100 years (Bogin et al., 2002; Cole, 2000a; Dittmar, 1998; Jantz and Jantz, 1999; 
Kromeyer-Hauschild and Jaeger, 2000; Malina et al., 2004; Samaras and Storms, 2002; 
Samaras et al., 2003; Sanna and Soro, 2000). The number and severity of childhood 
infections has decreased dramatically with the introduction of inoculation programs, the 
distribution of antibiotics and better sanitation, there has also been a considerable 
improvement in the standard of nutrition (Kac and Santos, 1997; Padez, 2003; Pond, 
1995; Simsek et al., 2005). The main cause of the secular increase in height is the 
provision of an uninterrupted supply of nutrient rich food during development, which 
greatly promotes the growth of the limbs (Pond, 1995). It therefore follows that when 
there is a reduced and / or irregular supply of the appropriate nutrition, the resulting 
outcome is a reduction in growth, which results in stunting (Cole, 2000a; Crooks, 1999; 
Oliveira et al., 2000; Reyes et al., 2003). 
Nutrient deficiency causes cell division to be restricted during the early stages of 
development (Barker, 1997; Pond, 1995). Even with an ample supply of food, growth 
will still be retarded if certain amino acids, lipids and minerals are not present in our 
diet. Calcium, magnesium, phosphate and zinc ions are all needed for normal long bone 
development, and even when these are present, vitamins A and D are also required in 
order for calcium to be properly utilised (Lopriore et al., 2004; Peacock, 1998; Pond, 
1995; Prentice and Bates, 1993). Disease affects growth by causing a reduction in 
nutrients, which can occur as a result of the reallocation of resources away from 
development in order to combat infection; this effect is compounded if the infection also 
causes a lack of appetite (Male, 2003). Gut infections and malabsorptive disorders can 
further reduce nutritional uptake by preventing absorption. Long bone development can 
also be directly affected by viruses, which cause bone loss by infecting osteoblasts, and 
osteoclasts (Stephensen, 1999). 
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Nutritional deficiency and disease have been shown to affect intrauterine and postnatal 
development, with intrauterine growth being influenced by both the nutritional and 
health status of the mother (Albalak et al., 2000; Barker, 1997; Eslick et al., 2002; 
Floyd and Littleton, 2006; Kossmann et al., 2000; Li et al., 1998; Lopriore et al., 2004; 
Strauss and Dietz, 1999; Sullivan et al., 1999; Thu et al., 1999; Umeta et al., 2000). Li 
et al. (1998) examined the association between maternal nutrition and foetal growth 
using data from a study into the nutritional supplementation of pregnant women in 
Guatemala (no age range given). Anthropometric parameters relating to weight gain 
were taken from the women during pregnancy at intervals of three months. With regard 
to the infants, the weight, head circumference and length were established two weeks 
post parturn. For their analysis Li et al. (1998) only included those women who had 
taken minimal quantities of supplement (N = 235). The results showed a significant 
relationship between maternal weight gain and infant length (P < 0.01), infant weight (P 
< 0.05) and infant head circumference (P < 0.00 1). Li et al. (1998) also observed that 
even two weeks after delivery, the averages of the infant measurements were all below 
the National Centre for Health Statistics norm at birth values. Strauss and Dietz (1999) 
also investigated the effects of maternal weight gain on intrauterine growth using a large 
dataset (N = 10 104) from two disparate socioeconomic maternal groups (aged between 
19 and 35 years). Anthropometric data from 4771 individuals of low socioeconomic 
status were used from the National Collaborative Perinatal Project (NCPP) and data 
from 5333 individuals of high socioeconomic status were obtained from the Child 
Health and Development Study (CHDS). Their analysis showed that there was a 
significant difference (P < 0.00 1) between the two groups with regard to intrauterine 
growth retardation, infant birth weight and length, and maternal weight gain. Similar to 
the results obtained by Li et al. (1998), Strauss and Dietz (1999) also revealed that there 
was a significant relationship (no P value given) between maternal weight gain and 
intrauterine growth retardation, which was observed in both maternal groups. 
The effects of maternal infection on intrauterine growth were examined by Sullivan et 
al. (1999). A total of 178 sub Saharan African mothers (no age range given), who had 
experienced single birth deliveries, were assessed for the presence of the malarial 
parasite Plasmodiumfalciparum. The results showed that infected women were three 
times more likely to have an infant that was growth retarded. Research by Eslick et al. 
(2002) also examined the relationship between maternal infection and growth 
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retardation. Their study was comprised of 448 single birth Australian mothers (aged 
between 15 and 44 years) who were all tested for the presence of Helicobacter pylori. 
The results showed that women who were infected with H. pylori were significantly 
more likely to have growth retarded infants than those without infection (P = 0.0 18) 
(ibid. ). 
The prevalence of stunting in relation to vitamin A deficiency and anaernia was 
investigated in 1243 Honduran children (aged between one and five years), using data 
from the Honduras National Micronutrient Survey (1996) (Albalak et al., 2000). The 
data were analysed in two separate groups; children aged between one year and less 
than three years (N = 633), and children aged between three years and less than five 
years (N =6 10) (ibid. ). In respect of the older group, the prevalence of stunting (Z <- 
2.0) 1,2 was significant (P < 0.05) for children with either vitamin A deficiency, anaernia 
or both, compared to those without. In the younger group stunting was only prevalent 
for those children with vitamin A deficiency (ibid. ). The relationship between nutrition, 
infection and stunting in 28,753 children (six months to six years of age) from Northern 
Sudan was examined by Kossmann et al. (2000), using data from the Sudan vitamin A 
study. Anthropometric data along with nutritional status and level of infection was 
collected every six months over an 18 month period. All children who were severely 
undernourished were at greater risk from diarrhoeal infections, which was significant 
for those less than one year old (P < 0.0001) (Kossmann et al., 2000). Children who 
were very severely stunted (Z < -4.0) were at greater risk from diarrhoeal infections by 
one and a half times. There was also a significant association (P < 0.000 1) between 
severe respiratory infections and stunting and an inverse relationship between stunting 
and breastfeeding (P < 0.01) (ibid. ). 
Thu et al. (1999) investigated the impact of micronutrient supplementation on growth in 
Vietnamese infants aged six to 24 months. The study was carried out over a six month 
period and was comprised of 168 individuals. Three regimes were constructed to which 
the infants were each randomly assigned, daily supplementation (N = 55), weekly 
supplementation (N = 54) or a placebo (N = 54). The supplements consisted of retinol, 
iron, zinc and vitamin C (ibid. ). The results showed no overall significant difference in 
growth between the three groups. However, the data for those infants who were 
1. The Z score is calculated by subtracting the mean of all values from each individual value and then 
dividing the result by the standard deviation (Field, 2005). 
2. Z score is more negative 
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classified as stunted at baseline (Z < -2.0) showed a significant increase in growth (P < 
0.00 1) for both supplement groups compared to the placebo group (ibid. ). A further 
study by Umeta et al. (2000) examined the effects of zinc supplementation on stunted 
Ethiopian infants aged six to 12 months. The study was conducted over a six month 
period during which time 100 non-stunted (Z > -2.0) and 100 age and sex matched 
stunted (Z < -2.0) children were randomly given either 10 ing of zinc sulphate as a 
supplement or a placebo each day six times a week (ibid. ). The results showed that the 
growth of the stunted infants who had taken the supplement was significantly greater 
than that of the stunted placebo group (P < 0.001), the non-stunted placebo group (P < 
0.01) and the non-stunted supplement group (P < 0.01). They also observed that the 
incidence of infection was significantly reduced (P < 0.0001) by greater than fifty 
percent in the stunted supplement group compared to the stunted placebo group (ibid. ). 
Similar findings were observed by Lopriore et al. (2004) in their research into the effect 
of vitamin and mineral supplements on the growth of Saharawi refugee children over a 
six month period. Their sample consisted of 374 children (aged three to six years), who 
were of reduced height for age (Z < -2.0), but not suffering from clinical malnutrition 
and / or acute / chronic illnesses (ibid. ). The vitamin and mineral supplements, which 
where contained within a highly nutrient rich spread, were given to 103 children (55 
boys, 48 girls), a further 106 children (51 boys, 55 girls) received the nutrient spread 
without the supplements, and the control group of 55 children (24 boys, 21 girls) 
received neither the supplements or the nutrients (ibid. ). Like the results of Umeta et al. 
(2000), they observed a significant increase in growth (P < 0.0001) of children 
receiving the vitamin and mineral supplements compared to either the nutrient spread 
without the supplement group, or the controls. They also found that there was no 
difference in growth rates between the sexes. Children in the supplement group grew 
more quickly than the children in the other two groups by on average one millimetre per 
month (ibid. ). 
Not surprisingly adult height and lower limb length have also been associated with a 
lower socioeconomic status during childhood. Kuhetal. (1991) examined adult stature 
in relation to parental class using data from two British longitudinal surveys carried out 
in 1946 and 1958. Data on height, year of birth and parental social status were assessed 
from a total of 42131 individuals. The results showed that on average adult attained 
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stature was two centimetres less for children from families where the father had been 
engaged in a manual occupation (ibid. ). Li et al. (2007) also analysed a sub section of 
the 1958 survey dataset (N = 5900) to investigate the relationship between childhood 
socioeconomic status and both adult trunk and lower limb length. Their findings 
showed that in relation to stature it was reduced lower limb length that was associated 
with low socioeconomic factors, particularly council housing, number of siblings, and 
overcrowding (ibid. ). Silventoinen etal. (2001) used data from Swedish (N= 4551) and 
Finnish (N = 7300) social surveys to examine the relationship between stature and 
socioeconomic factors. The results showed that for both groups reduced adult height 
was significantly associated with childhood economic hardship, low social class and 
non progression to higher education (P < 0.000 1). Martin et al. (2002) investigated the 
relationship between breast feeding and adult anthropometry using data from a British 
survey carried out between 1937 and 1939 (N = 2995). The results showed that breast 
feeding was positively correlated with household income, adult height and lower limb 
length (P = 0.002) (ibid. ). 
The studies described in this section have shown that the peak growth velocity of the 
lower limbs takes place during infancy, which is the period most likely to be affected by 
nutritional deficiency and / or disease. This can result in a reduced adult stature and a 
difference in attained body proportion resulting from shorter lower limb length and a 
subsequently greater upper to lower segment ratio. The biomechanical and pathological 
implications of this are that a larger force will be transmitted through the vertebral 
joints, compared to an individual of the same height but with longer lower limbs and a 
shorter upper segment, and as previously mentioned, greater mechanical stress is a 
known risk factor for spinal joint pathology. 
2.2 Body Proportion and our Genes 
The heritability of body proportion can be readily seen both within and between 
populations. Within a population, offspring are typically of similar height to their 
parents, which is most noticeable in families that are either particularly short or 
exceptionally tall. The influence of our genes on body proportion has been 
substantiated mainly through studies carried out into the development of both 
monozygotic (MZ) and dizygotic (DZ) twins, as well as familial studies (Beunen et al., 
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2000; Fischbein, 1977; Hauspie et al., 1994; Ijzerman et al., 2001; Pietilainen et al., 
200 1; Pietilainen et al., 2002; Rebato et al., 1997; Sharma, 1983; van Dommelen et al., 
2004; Watanabe et al., 200 1; Wilson, 1979). On a population level, the relationship 
between body proportion and our genes can be observed between groups of differing 
ancestry. Differences in average height have been observed between Negroid and 
Caucasoid populations (Chumlea et al., 1998; Eveleth and Tanner, 1991; Silventoinen, 
2003). Differences have also been found in both the timing of growth spurts and the 
dimensions of the upper and lower segments (Chumlea et al., 1998; Eveleth and Tanner, 
199 1; Gilsanz et al., 1998; Hamill et al., 1973; Krogman, 1970; Meredith, 1936; Nyati 
et al., 2006; Reeves et al., 1996; Ruff, 2002; Ulijaszek, 200 1). 
2.2.1 Body Proportion and our Genes - Between Populations 
Krogman (1970) conducted a longitudinal study to examine the differences in growth of 
Caucasoid and Negroid children (N = 1100) from middle class families in Philadelphia. 
Data from a total of 26 limb and trunk measurements were analysed for children aged 
from seven to 17 years. The growth rate in relation to overall height was equal up to II 
years of age for males from both groups, whereas the Negroid female group were taller 
than the Caucasoid females until the age of 15 years. After II years of age there was a 
much greater increase in the height of the Caucasoid males; the difference being around 
nine centimetres by the time they reached the age of 17 years. With regards to segment 
lengths, the results showed that for both sexes lower limb length was greater for 
Negroid children, while trunk length was greater for Caucasoid children (ibid. ). Similar 
results were obtained by Hamill et al. (1973), and in a more recent study carried out by 
Nyati et al. (2006). Using data from a national United States (US) survey Hamill et al. 
(1973) analysed the weight, height and sitting height of Caucasoid and Negroid ancestry 
children aged 12 to 17 years (N = 7514). Like Krogman (1970), Hamill et al. (1973) 
observed that lower limb length was greater for Negroid children and trunk length was 
greater for the Caucasoid children, which was also applicable to both sexes. However, 
unlike the previous study, they did not observe the same large disparity in attained 
height at 17 years between the male groups, the difference in average stature at this age 
being only around one centimetre. Nyati et al. (2006) investigated the effect of ancestry 
on skeletal growth using measurements from a South African longitudinal study that 
commenced in 1990. Data was analysed from Negroid and Caucasoid children of 
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approximately nine years of age (N = 369). The results showed that after taking the 
affects of stature into account, Caucasoid boys had significantly (P < 0.05) longer 
trunks and shorter lower limbs compared to the Negroid boys (ibid. ). 
A study into the effect of ancestry on the axial and appendicular skeleton was carried 
out by Gilsanz et al. (1998). A total of 80 Caucasoid children (aged eight to 18 years) 
were matched for age, sex, height, weight and development with 80 children of Negroid 
ancestry. Anthropometric measurements relating to height, sitting height and weight 
were recorded. In addition, Gilsanz et al. (1998) also performed computed tomography 
(CT) scans which allowed the heights of the vertebral bodies to be ascertained. As 
before, the results showed that the lower limb length of Negroid children of both sexes 
was significantly greater for all stages of development compared to that of Caucasoid 
children (P < 0.000 1 for boys, P<0.0005 for girls). Correspondingly the results also 
showed that the sitting height of Caucasoid children of both sexes was significantly 
greater (P < 0.00 1 for boys, P<0.000 1 for girls). Not surprisingly, given the observed 
differences in sitting height, the measurements from the CT scans of the vertebral body 
heights were also greater regarding Caucasoid children, which was significant for boys 
at all developmental stages (P = 0.003) and for girls at Tanner stage Ill (P = 0.02) 
(ibid. ). 
The same relationship between lower limb length and trunk length has also been 
observed in elderly Negroid and Caucasoid individuals. Chumlea et al. (1998) used the 
standing height, sitting height and knee height measurements from a US population 
sample (aged 60 years and over) in order to create stature prediction equations. The 
sample was comprised of 2841 Caucasoid (1369 males, 1472 females) and 955 Negroid 
(474 males, 481 females) individuals. The results showed that as with the adolescent 
studies, the elderly individuals of Negroid origin of both sexes had longer lower limbs 
and shorter trunks compared to their Caucasoid counterparts. In relation to both knee 
height and sitting height the measurements were significantly different (P < 0.05) 
between the two groups. Their study also revealed a difference in height between the 
females of both groups with individuals of Negroid ancestry being significantly taller (P 
< 0.05) (ibid. ). Azinge et al. (2003) compared the anthropometric measurements of 
three Nigerian Negroid tribes with a British Caucasoid population survey sample. The 
1. The Tanner stages are a developmental classification using external primary and secondary sex 
characteristics (Tanner, 1978). 
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Nigerian samples consisted of 34 Hausa (14 males, 20 females), 101 Ibo (55 males, 46 
females) and 25 Yoruba (18 males, 7 females) aged between 18 and 65 years, while the 
British sample was comprised of 4550 males and 4977 females aged between 19 and 65 
years. Measurements were recorded pertaining to upper limb length, lower limb length, 
sitting height and standing height. The results showed that although there was no 
significant difference in stature between the groups, the Negroid individuals had both 
longer lower limbs and shorter trunks compared to the Caucasoid sample (P < 0.0 1) 
(ibid. ). Shaffer et al. (2007) included height, trunk length and lower limb length in their 
investigation into anthropornetrical variation both between and within US populations 
of differing ancestry. A total of 1790 Caucasoid (937 males, 853 females) and 1277 
Negroid (551 males, 726 females) individuals aged between 70 and 79 years took part 
in the study. In addition to the physical measurements, Shaffer et al. (2007) recorded 
specific genetic markers in order to determine the degree of Caucasoid ancestry within 
the Negroid sample. In agreement with Azinge et al. (2003), Shaffer et al. (2007) 
observed no difference in stature between the two populations and that Negroid 
individuals had significantly longer lower limbs and shorter trunks (P < 0.0000 1). With 
regards to the genetic markers within the Negroid population, the results showed that 
those individuals with the most Caucasoid genetic traits had significantly shorter lower 
limbs and longer trunks (P < 0.000 1) compared to the rest of the Negroid sample (ibid. ) 
The above studies show a marked difference in body proportion with individuals of 
Caucasoid ancestry having a larger upper to lower segment ratio, which as mentioned in 
the previous section increases the level of mechanical stress experience by the vertebral 
joints. As increased spinal loading leads to a greater risk of vertebral joint pathology, a 
difference in the frequency of degenerative change between the two populations would 
be expected. There is in fact some evidence to support this as a higher prevalence of 
vertebral joint degeneration has been observed among North American Caucasoid 
individuals compared to African Americans of Negroid ancestry, which will be 
discussed further in Chapter 4 (Nathan, 1962; Cunningham and Kelsey, 1984). 
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2.2.2 Body Proportion and our Genes - Within Populations 
As previously mentioned, the majority of studies investigating the heritability of body 
proportion have involved the participation of MZ and DZ twins. Environmental 
conditions before birth, such as placental anastomosis' can restrict the growth of one 
twin while promoting the development of the other, resulting in a size difference at birth 
(Bajoria et al., 2000; Denbow et al., 1998; Lachapelle et al., 1997). This initial deficit 
and subsequent growth was investigated by Wilson (1979) using a sample of twins (N 
992 pairs) from birth through to nine years of age (no data for numbers of MZ and DZ 
pairs given). The twin's length (height after 24 months) and weight were recorded four 
times during the first year then twice per year up to the age of three, followed by annual 
measurements until nine years of age. The results showed that while the correlation in 
height between DZ twins (same sex) declined with age (R = 0.79 at birth, R=0.49 at 
eight years), for MZ twins the correlation became stronger (R = 0.62 at birth, R=0.94 at 
eight years) as the smaller twin caught up, suggesting a high degree of genetic control 
(ibid. ). A more recent study by Pietilainen et al. (2002) examined the growth of MZ (N 
= 702 pairs) and DZ same sex (N = 724 pairs) twins from birth to adolescence, using a 
large dataset from a Finnish twin study (FinnTwinl6). Their results also showed an 
increase in correlation with regards to height for MZ twins (R = 0.73 at birth, R=0.93 
at 16 years for males, R=0.66 at birth, R=0.91 at 16 years for females), while there 
was little change for DZ twins over the same period (R = 0.50 at birth, R=0.53 at 16 
years for males, R=0.63 at birth, R=0.54 at 16 years for females). The same pattern 
was observed in relation to weight with MZ twins converging over time (R = 0.64 at 
birth, R=0.90 at 16 years for males, R=0.54 at birth, R=0.90 at 16 years for females) 
and DZ twins becoming more dissimilar (R = 0.50 at birth, R=0.44 at 16 years for 
males, R=0.49 at birth, R=0.43 at 16 years for females). Pietilainen et al. (2002) also 
saw that the initially larger MZ twin remained larger into adolescence, albeit with a 
greatly reduced difference. 
The differences in growth between MZ and DZ twins during puberty (boys aged 10 to 
18 years, girls aged 10 to 16 years) were investigated by Fischbein (1977). 
Measurements from the SLU-project, a Swedish longitudinal growth study, were 
analysed to calculate the difference in height, height gain and weight between pairs of 
1. Placental anastomosis is a pathological condition where blood vessels connect laterally and leads to 
twin-twin transfusion syndrome (TTTS). The consequence of TTTS is that one twin (recipient) draws 
blood from the other (donor) resulting in growth retardation of the donor twin (Bajoria et al. 2000). 
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MZ (N = 94 pairs) and DZ same sex twins (N = 133 pairs). The results obtained by 
Fischbein (1977) showed that the within pair difference in height between MZ and DZ 
twins, being greater for the latter, was significant for both sexes for all ages under 
consideration (P < 0.001 for all ages except for girls aged 10 years where P<0.01). 
The same difference was also observed for year on year growth between the MZ and 
DZ twins, which was significant for boys aged 12 (P < 0.0 1), 13,14,15 (P < 0.00 1), 16 
and 17 (P < 0.05) and girls aged 14 and 15 (P < 0.0 1) years. A similar pattern was 
maintained with regards to weight, which was significant for boys aged II (P < 0.05), 
12,13,14 (P < 0.0 1), 15,16 (P < 0.00 1), 17 and 18 (P < 0.0 1) and girls aged 12 (P < 
0.0 1) and 13 through 16 (P < 0.00 1) years (ibid. ). 
A longitudinal study into the growth and development of pubertal Indian MZ and same 
sex DZ twins (N = 48 pairs) was conducted by Sharma (1983). Measurements relating 
to height and weight were recorded four times a year for children between 10 and 18 
years of age. The results showed a significant intra pair difference (no P values given) 
between MZ and DZ twins for height, weight, height velocity and weight velocity. The 
observed differences were between two and four times greater within DZ pairs when 
compared to the MZ twins (ibid. ). A later study carried out by Hauspie et al. (1994) 
also examined the difference in growth between MZ (N = 44 male pairs) and DZ twins 
(N = 42 male pairs) aged between eight years and adulthood. Data from the Wroclaw 
twin study (N = 86 male pairs) was used to compare the intra pair similarity in relation 
to growth. In agreement with the previous studies, the variation in attained height 
within the pairs was significantly greater with regard to DZ twins (P < 0.000 1), which 
again emphasised the strong genetic influence on growth (ibid. ). These findings were 
once more confirmed in a longitudinal twin study into the growth and performance of 
Japanese adolescent twins. Running performance, along with anthropometric 
measurements, were collected for Tokyo school children aged 12 to 18 years over a 30 
year period (Watanabe et al., 200 1). Watanabe et al. (200 1) analysed the data from this 
period in relation to MZ (N = 39 pairs) and DZ twins (N = 34 pairs). Their findings also 
showed a greater similarity in the pattern of development relating to height and weight 
for MZ compared to DZ twins. These studies all show a strong genetic influence on 
growth through both the convergence and correlation of linear growth and height in MZ 
compared to DZ twins. However, it has been seen that even with MZ twins, the 
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environment can still play a part by affecting growth and producing newborn infants of 
differing length and weight. 
2.3 Summary 
The timing and velocity of growth, which are determined by both our genes and the 
environment, are fundamental to adult stature and the ratio between the upper and lower 
body segments. Whilst twin studies have shown that the genetic component has the 
greatest influence, poor nutrition and / or disease during development can also have a 
dramatic effect. A severe environmental disruption during infancy may lead to stunting, 
which has been shown to be primarily due to reduction in lower limb length. Between- 
population studies have also confirmed the strength of the role played by our genes. 
Studies have shown that the value of the upper to lower segment ratio of Caucasoid 
individuals is higher, due to a greater trunk length and shorter lower limb length, when 
compared to individuals of Negroid ancestry. The upper to lower segment ratio is of 
particular biomechanical importance, as will be demonstrated in the next chapter, as the 
relative length of the segments greatly influence the amount of load that is transmitted 
through the joints of the spine. 
25 
CHAPTER 3- ANATOMY AND BIOMECHANICS OF THE VERTEBRAL 
COLUMN 
In the previous chapter, the consequences of nutrition, disease and our genes on growth, 
and ultimately differences in body proportion, were discussed. In addition to providing 
the necessary anatomical and biomechanical information to contextualise the aims and 
methodological approach of this thesis, this chapter examines how differences in body 
proportion may affect the amount of loading transmitted through the vertebral joints. 
Research has shown that our joints respond under normal loading conditions to 
accommodate increases in pressure by enhancing their ability to act as a shock absorber, 
and that regular exercise improves joint physiology and function (Eckstein et al., 1999; 
Hanna et al., 2007; Kessler et al., 2006; Roos and Dahlberg, 2005; Tiderius et al., 
2004). In fact, evidence suggests that joint loading is beneficial to patients suffering 
from degenerative joint disease (DJD), with individuals reporting less pain and stiffness 
as well as greater joint function (Deyle et al., 2000; Hinman et al., 2007; Hughes et al., 
2006; Maurer et al., 1999; Song et al., 2007). However, shear and compressive forces 
on the intervertebral joints are greatly elevated during both locomotion and manual 
handling activities (Marras et al., 1999b; Wilke et al., 1999), and repeated and excessive 
loading increases the likelihood of injury, pain, and the risk of joint degeneration 
(Chaffin and Park, 1973; Kerr et al., 200 1; Lawrence, 1969a; Seidler et al., 200 1). In 
order to understand the aetiology of vertebral DJD it is therefore necessary to examine 
the basic biomechanical principles related to spinal loading, the forces acting upon the 
joints of the vertebral column, and how these forces are affected by postural change, 
manual handling and locomotion. 
Biornechanical models are able to predict the amount of force acting on the spine during 
both static and dynamic loading. These models are discussed in Section 3.2 along with 
in vivo studies that have measured joint load both directly, through the use of implanted 
pressure sensors, and indirectly using electromyogram (EMG) data. Section 3.2 also 
considers the amount of force acting upon the spine during standing and sitting, which 
provides a base line from which to better understand the level of increase during manual 
handling and locomotion. However, the starting point for this chapter necessitates a 
review of the anatomy and function of the vertebral column, along with the 
intervertebral and facet joints. 
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3.1 Anatomy ofthe Vertebral Colunin 
The human vertebral "Aumn c(mdsN of Eve disthict regions (Figure 3.1 ), which 
normally contain 33 segmented vertchrae. There are 24 artiCUlated vertebrae. seven 
cervicaL 12 thorack and Eve Whar. They are separated by fibrous intervertebral discs 
and articulate thnwgh pArs of supcHor and inferior facets. In the cervical region there 
mv aLso smaH synovial joints formed by the uncinate processes. The remaining 
vertebrae are fused, five of which make Lip the sacrum and I'Mir the coccyx (Kapit and 
Elson, 1993, Palastanoa et al., 1998-, Staildrino, 2005, White and Folkens, 2000). As 
the sacruin and coccyx are not Included in this research, their anatomy is not discussed. 
Superior 
Cervical 
Thoracic 
Posterior 
Lumbar 
Lordosis 
Kyphosis 
Anterior 
Lordosis 
Sacrum 
Coccyx 
Figure 3.1 Latend view of* the hLinlan vertebral colLinin (SOLH-ce: The Author). 
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Inferior 
The articulated vertebrae form a column which houses and protects the spinal cord, via 
the vertebral canal, and provides outlets for the associated nerve roots (Kapit and Elson, 
1993; Standring, 2005). In humans the vertebral column has become a weight bearing 
support for the trunk as a result of its vertical alignment, which is a consequence of 
bipedalism (Palastanga et al., 1998). When viewed laterally this alignment through the 
vertebral bodies forms a series of curves (Figure 3.1) (Kapit and Elson, 1993; 
Palastanga et al., 1998; Standring, 2005), which along with the intervcrtebral discs, act 
as a shock absorber (Buckwalter, 1995; Palastanga et al., 1998; Vernon-Roberts and 
Pirie, 1977). The cervical and lumbar curves are convex towards the anterior (lordosis) 
while the thoracic curve is concave anteriorly (kyphosis) (Kapit and Elson, 1993; 
Palastanga et al., 1998; Standring, 2005). The vertebral column has numerous soft 
tissue attachments, which include muscles that facilitate motion in the form of flexion, 
extension, lateral extension and axial rotation (Kapit and Elson, 1993; Palastanga et al., 
1998). These movements, particularly flexion and extension, are fundamental to the 
biomechanical models that will be discussed in Section 3.2 and, when combined with 
the effects of body proportion, greatly affect the amount of load placed on the joints of 
the spine. The anatomy of the cervical, thoracic and lumbar regions of the vertebral 
column will now be examined in detail. 
3.1.1 The Cervical Vertebrae 
Of the seven cervical vertebrae five follow a typical pattern (C3 to C7) and will be 
discussed together, while the atlas (C I) and the axis (C2) are atypical and will be 
described separately. Examples of each type of cervical vertebrae are shown in Figure 
3.2. A feature that all seven cervical vertebrae do have in common, and that is not 
present in thoracic and lumbar vertebrae, are two transverse foramina, which are located 
laterally in each transverse process and allow the passage of the vertebral vein and 
artery, the latter of which does not pass through C7 (Kapit and Elson, 1993; Palastanga 
et al., 1998; Standring, 2005; White and Folkens, 2000). The atlas articulates superiorly 
with the occipital condyles via two large facets and with the odontoid process of the 
axis inferiorly by means of a facet on the posterior aspect of the anterior arch (ibid. ). 
28 
Articular 
facets 
, erieDrai 
canal 
(C) 
Spinous 
process 
Vertebral 
body 
Figure 3.2 The atlas (a), the axis (b) and a typical cervical vertebra (C5) (c) (Sow-ce: 
The Author). 
Both these sites are susceptible to the formation of maroinal osteophytes and will be I- 
discussed t*Lirthcr in Chapter 4 (Gelse et al., 2003-, Palastan. ga ct al., 1998, van der Kraan 
et al., 2007 Zapletal et al., 1995, Zapletal ct al., 1997). Although the atlas has no 
spinOLIS process, each transverse process is readily palpable (Lunilcy, 1996, Palastang'a 
et al., 1999, Standring, 2005). The muscles responsible for the movement ofthe head 
on the neck are listed in Table 3.1. 
Table 3.1 Muscles responsible for movement ofthe head oil the neck (Palastan"a et I//., I- 
1998). 
Head Movement Muscle 
Flexion Rectus capitis anterior 
Extension Rectus capitis posterior, Superior oblique 
Lateral Flexion Rectus capitis lateralis 
Rotation Inferior oblique, Rectus capitis posterior major 
The morphology of the axis differs considerably from the atlas, and in many respects 
resembles a typical cervical vertebra, partiCLIlarly with regard to its illf ri I- c lor aspect. 
Unlike the atlas, the axis has a pronounced spinous process, a vertebral body and greatly 11 
reduced transverse processes (Kapit and Elson, 1993. Palastanga et al., 1998- Standring, 
2005, White and Folkens, 2000). As previoLlSly mentioncd, the axis makes rotation of 
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the head possible by way of the atlanto-axial joint. Rotation occurs via the large 
superior facets and the odontoid process, which originates from the superior aspect of 
the vertebral body and projects through to articulate with the posterior aspect of the 
anterior arch of the atlas (ibid. ). As with the axis, osteophytes may form on the border 
of these facets (Gelse et al., 2003; van der Kraan et al., 2007; Zapletal et al., 1995; 
Zapletal et al., 1997). 
The third to seventh cervical vertebrae all share the same properties, with the main 
differences being of proportion. The vertebral bodies approximate a kidney in shape 
and increase in overall size progressively from the third to the seventh cervical vertebra 
(Kapit and Elson, 1993; Palastanga et al., 1998; Standring, 2005). The angle of 
inclination of the articular facets, which face in a superior/posterior direction (superior 
facets) and inferior/anterior direction (inferior facets) at the third vertebra, also increases 
inferiorly (Palastanga et al., 1998). Osteophytes may develop on the superior and 
inferior margins of the bodies, particularly on the anterior borders (Marchiori and 
Henderson, 1996). The frequency of which, along with disc degeneration, tends to 
increase inferiorly, peaking at C5/C6 (Lehto et al., 1994; Marchiori and Henderson, 
1996; Matsumoto et al., 1998). As with the atlas and axis, osteophytes can develop on 
the facet joint boundaries (Dai, 1998). Unfortunately no prevalence data by vertebral 
level is apparent in the literature. The shape of the vertebral canal is triangular, the 
dimensions of which show little variation between the five vertebrae (Kapit and Elson, 
1993; Palastanga et al., 1998; Standring, 2005; White and Folkens, 2000). The 
transverse processes are greatly reduced when compared with the atlas and the spinous 
processes of vertebrae three to six are short, project directly posteriorly and are 
commonly bird (Standring, 2005). The spinous process of the seventh cervical vertebra 
is particularly pronounced (vertebra prominens), and as a result is easily palpable 
(Lumley, 1996; Palastanga et al., 1998; Standring, 2005). The angulation of the 
superior and inferior articular facets, along with the combined interaction of the vertebra 
in this region, allow for a wide range of movement (Kapit and Elson, 1993; Palastanga 
et al., 1998). The muscles responsible for the movement of the head and neck are listed 
in Table 3.2. 
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Table 3.2 Muscles rcsponsiblc for thc movement ofthe head and neck (Palastailoa et I- 
(//., 1998). 
Head and neck Muscle Movement 
Flexion Longus colli, Sternomastoid, Scalenus anterior, Longus capitis 
Extension Levator scapulae, Splenius cervicis, Trapezius, Splenius capitis, Erector . SP/ nae 
Lateral Flexion Scalenus anterior, Scalenus medius, Scalenus posterior, Splenius 
cervicis, Levator scapulae, Sternomastoid, Trapezius, Erector spinae 
Rotation Semispinalis cervicis, Multifidus, Scalenus anterior, Splenius cervicis, Sternornastoid, Splenius capitis 
3.1.2 The Thoracic Vertebrae 
The thoracic vertebrae J5 is shown In Figure 1.3) all share S111111,11- I'CýItUrcs apart from I- 
in rcspect oftheir articulation with the ribs, 1'()r which there are sholit variations (Kapt C- 
and Elson, 1993; Palastanoa et al., 1999; Standrino, 2005). The vertebral bodies 
gradually inci-case in size and chanoe shape from the first to the 12"' thoracic vertebra. I- -- 
The initial kidney shape off I, which is almost twice as wide as it is deep, narrows 
bet'Orc becoming more equally proportioned and licart shaped by T3 (Palastan. ga et al., 
1998-, Standrino. 2005). From T3 onwards the overall dimensional IIICI-CZISe IS SLIch that Z, 
I'l 2 is approx I mate Iy tw Ice the sI ze compared to TI Obid. ). The supen or and inferior 
'11-tICUIL11- [ýICCtS arc alh-mcd increasingly more posteriorly and anteriorly respectlvcly 
Nvith the exception ol''I'l 2, where the inferior facets face almost laterally to articulate 
with the first lumbar vertebra (ibid. ). 
(a) 
Transverse 
process 
Superior articular 
(b) facet (c) 
Costal 
facet 
Spinous 
process 
Figure 3.3 Superim- (a), latend (b) and postenor (c) viexv of'1'5 (Som-ce: The ALIthor). 
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Inferior articular 
facet 
As with the cervical region, osteophytes may form on the borders of the facet joints as 
well as the inferior and superior surfaces of the vertebral bodies. The prevalence of 
intervertebral joint osteophytosis increases inferiorly appearing to be greatest at around 
T8/9 (Kramer, 2006; O'Neill et al., 1999). This coincides with the location where the 
vertebral body wedge angle is least and immediately below where the kyphosis is 
tangential to the vertical plain. Below this point the frequency decreases as the 
vertebral body angle increases (Ferrar et al., 200 1; Standring, 2005). 
The thoracic vertebrae also articulate with the ribs via costal facets on the vertebral 
bodies and on the apex of the transverse processes of TI through TIO. With the 
exception of TI I and T12, the thoracic vertebrae all have prominent transverse 
processes (Kapit and Elson, 1993; Palastanga et al., 1998; Standring, 2005). Vertebra 
TI has a large spinous process that projects posteriorly/inferiorly. The angles of the 
subsequent processes increase inferiorly into the mid thoracic region before returning to 
a more posterior projection and becoming greatly reduced in length in the lower 
thoracic (Palastanga et al., 1998; Standring, 2005). All the spinous processes in the 
thoracic region are palpable (Lumley, 1996). Compared to the cervical region, the 
vertebral canal of the thoracic spine is smaller and more rounded in form (Standring, 
2005). The orientation of the superior and inferior articular facets in the thoracic spine 
promotes flexion/extension and rotation along with a limited amount of lateral flexion 
(Palastanga et al., 1998). The muscles responsible for the movement of the trunk are 
listed in Table 3.3. 
Table 3.3 Muscles responsible for the movement of the trunk (Palastanga et al., 1998). 
Head 
Movement Muscle 
Flexion Rectus abdominis, external / internal oblique, Psoas minor/ major 
Extension Quadratus lumbonim, Multifidus, Semispinalis, Erector spinae, Interspinales 
Lateral Flexion Quadratus lumborum, Intertransversarii, external / internal oblique, Recius 
abdominis, Erector spinae, and Multifidus 
Rotation Multifidus, Rotatores, Semispinalis, and external / internal oblique 
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3.1.3 The Ltnuhar Vertchrae 
As with the thoracic re, non, the lunihar ýertcbrae all share similar morpholooy (LI is 
shown in Fioure 3.4). The vertebral bodies are laroe and consecutively increase in size 
inferiorly, I'or the most part with respect to width (Standring, 2005). The vertebral canal 
also increases in size and retUrns to beino triangular in f'orm, althouoh remains smaller 
than in the thoracic region (Palastanoa et al., 1998; Standring, 2005). The transverse 
processes are more pronOUnced than the lower thoracic, PM-tICUlarly in respect of' L5, 
and are inclined slightly posteriorly, they each also support a posterior facing accessory 
process (Standring. 2005). 
The orientation ofthe articular facets also changes, being almost medial (superior 
faccts) and lateral (inferior facets) at 1.1 to becoming postcromedial (superior 1'. acets) 
and anterolateral (inferior faccts) at L5 (Kapit and Elson, 1993, Stanclring,, 2005). Tile 
superior articular facets also bear mamnlillary processes oil their postenor margin 
(Staildrino, 2005). As is the case with the cervical and thoracic vertebrae, Illar-Inal 
osteophytes can develop oil the lumbar vertebral bodies. They are also most frequent 
where the lorclosis is tangential to the vcrtical, which is around 1-3/4 (Kramer, 2006-, 
O'Neill ct al., 1999, Pye ct al., 2004: Standring, 2005). 11 
(a) 
Vertebral 
canal 
. dicle 
ina 
(b) Vertebral 
body 
Inferior articular 
facet Spinous 
process 
Figure 3.4 SLipenoi- (a), latet-al (b) and postenoi- (c) view ot'L I (Som-ce: The Awhoi-). 
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(c) Mamillary 
process 
articular 
facet 
The SPHIOLIS processes project posteriorly, they are almost rhomboid in shape and are 
easily palpable (Lunilcy, 1996; Palastanga et (il., 1998, Standring, 2005). With regards 
to movement ofthe lurnhar spinc. l1exion is particularly accorriniodated as weil as 
extension and lateral flexion to it lesser degree, ho\vcver only it linlitcd aniount of' 
rotation is available (Palastanga ct al., 1998, Standring, 2005). The 10\Ver lUmber 
region is the area ofthe spine that is sub j ected to the greatest aniount ol'bioniechanical 
force during postural change. The muscles involved in lUmbar movement were all 
previously described in relation to the thoracic vertebrae in Section 3.1.2 and presented 
in Table 3.3. 
3.1.4 The Motion Segment 
The motion segment, shown in Fioure 3.5, is made Lip oftwo adjacent vertebrae alono 
with the connecting ligaments, the intervertebral disc and the I'acet Joints (Nordin and 
Weiner, 2001 ). It is the I'Linctional unit of' the vertebral column and ýIS SUch dictates the 
deoree and direction of' movement at each vertebral level. Anteriorly the motion 
segment is comprised ol'the vertebral bodies along with the intervertebral joint and the 
two longitudinal ligaments. Postcriorly the motion segment is comprised ol'the spinous 
and transverse processes, the vertebral arches, the I'acet Joints along with the 
lioamentum flavum and the SUpraspinOLIS itild intaspinous ligaments OW. ). 
Facet 
Joint 
Intervertebral 
Joint 
Figure 3.5 Lumbm- motion segmilent showing intervei-tebi-al and facet joints (Sout-ce: 
Adapted I'l'oni Nordin and Weincr (2001: 257). Original Hourc No. 10.2). 1ý 11 Z7, 
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Articulation of the motion seoment is facilitated throuCTh the joints, which function to 
provide both movement and support. When considered together, the 24 free vertebrae 
articulate superiorly with the occipital condyles, through the superior facets of the atlas, 
and inferiorly with the sacrum via the inferior articular facets and the inferior aspect of 
the vertebral body of L5 (Kapit and Elson, 1993; Palastanga et al., 1998). 
3.1.4.1 The Intervertebral Joint 
Between each vertebral body there is an intervertebral cartilaginous joint (Figure 3.6), 
which is comprised of two vertebral end plates and an intervertebral disc (Standrinor 
2005). The intervertebral discs overall constitute around twenty five percent of the total 
length of the vertebral column' (Palastanga et al., 1998; Standring, 2005). Each disc 
acts as a support against the effects of gravity and contributes to the overall shock 
absorbing properties of the spine, as well as facilitating the movement that occurs 
between each of the vertebra (Buckwalter, 1995; Palastanga et al., 1998-, Vernon- 
Roberts and Pirie, 1977). 
Nucleus 
Pulposus 
Annulus 
fibrosis 
Vertebral 
end plate 
Figure 3.6 Cross section of an intervertebral joint (Source: Adapted from Standring 
(2005: 757). Original Figure No. 45.42). 
The superior and inferior aspects of the vertebral bodies accommodate a recess formed 
by the fusion of the annular epiphyses, each of which houses a vertebral end plate that is 
1. Although a decrease in disc height has traditionally been considered the cause of age related changes in 
vertebral column length, more recent studies have also demonstrated that disc height increases with age and 
proposed that concavity of the vertebral body end plates is ultimately responsible for the observed reduction 
(Amonoo-Kuofi, 199 1; Goh et al., 2000. Roberts et al., 1997-, Shao et al., 2002, Vemon-Roberts and Pirie, 
1977). 
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approximately one millimetre in height at the circumference (Palastanga et al., 1998; 
Standring, 2005). The vertebral end plates are composed of hyaline cartilage, which is 
situated nearest the superior and inferior surface of each vertebral body, and a 
fibrocartilaginous element that is adjacent to each intervertebral disc (ibid. ). 
The intervertebral disc is comprised of an outer ring, the annulus fibrosis, and an inner 
core, the nucleus pulposus. Each disc extends to the circumference of the vertebral 
body, with the exception of the cervical region where it does not reach the lateral 
margin; this area is comprised of a small synovial joint (Palastanga et al., 1998). The 
annulus fibrosis is constructed of fibrocartilaginous lamellae with an area of collagen at 
the periphery (Standring, 2005). At the centre of the disc is the nucleus pulposus, which 
is encapsulated by the fibrocartilaginous component of both the annulus fibrosis at its 
circumference and the vertebral end plates at its superior and inferior aspects (ibid. ). 
The nucleus pulposus is constructed of proteoglycan gel, which is embedded in a web of 
interconnecting collagen fibres (Palastanga et al., 1998). The fibres within are less 
dense when compared to the annulus fibrosis and are able to maintain a high fluid 
content through the properties of glycoaminoglycans (Palastanga et al., 1998; Stevens 
and Lowe, 1997). A greater amount of collagen is present at the periphery of the disc. 
The proportion of type I collagen, which gives tensile strength, to type 11, which allows 
compression, is also higher around the circumference. The ratio of type I to type 11 
collagen decreases towards the centre to the point where only type II collagen is present 
in the nucleus pulposus (Palastanga et al., 1998). 
The height of each intervertebral disc, and the position of the nucleus pulposus within, 
changes depending on which area of the vertebral column is considered (Palastanga et 
al., 1998). In the cervical and thoracic region the nucleus pulposus is typically centrally 
positioned while the average thickness is around five and seven millimetres 
respectively. In the lumbar region the nucleus pulposus is located more posteriorly and 
the thickness of the disc is around 10 mm on average (ibid. ). In addition, the discs are 
not uniformly parallel throughout the length of the spine; this characteristic combined 
with the location of the nucleus pulposus is in direct relation to the curvature of the 
vertebral column (Palastanga et al., 1998; Standring, 2005). 
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3.1.4.2 The Facet Joint 
The superior and inferior articular facets are synovial joints (Figure 3.7) (Palastanga et 
at., 1998; Standring, 2005). The facet joints in the cervical and thoracic regions are 
classed as simple whereas those in the lumbar region are complex (Standring", 2005). 
The morphology of each joint reflects the type of movement that can occur at its 
location along the vertebral column, which was previously described in Section 3.1 
(Palastanga et al., 1998). A fibrous capsule layered with tissue (the synovium) encloses 
each joint, while the articular surfaces are coated in hyaline cartilage and surrounded by 
synovial fluid (Goldring and Goldring, 2005; McCarthy and Frassica, 1998; Palastanga 
et al., 1998; Standring, 2005; Stevens and Lowe, 1997). The synovium is a membrane 
like tissue comprised of regions, the innermost part of which is the synovial lining 
(Barnett et al., 196 1; Goldring and Goldring, 2005; McCarthy and Frassica, 1998). The 
lining is composed of a matrix of hyaluronate and collagen fibrils. The matrix contains 
between two and three layers of freely dispersed fibroblast like cells that allow the semi- 
permeable function of the lining (Barnett et (it., 196 1; Goldring and Goldring. 2005). 
(a) 
Synovium 
Synovial 
cavity 
Fibrous joint 
capsule 
Articular 
surface of 
bone 
Figure 3.7 Basic anatomy of a simple (a) and complex (b) synovial joint (Source: 
Adapted from Standring, (2005: 107). Original Figure No. 6.35). 
.1 
The region between the synovial lining and the fibrous capsule is the synovial stroma. 
The stroma is comprised of fibroblasts, which become denser as it approaches the 
fibrous capsule (Barnett et al., 196 1, Goldring, and Goldring, 2005). The synovium is 
highly vascularised, which as well as providing the necessary replacement of gas and 
(b) 
Hyaline 
cartilage 
37 
fluid within the synovium also creates and maintains the supply of synovial. fluid, 
controls the flow of blood, sustains the intra, articular pressure and regulates the 
temperature of the joint (ibid. ). 
The synovial fluid, which is primarily composed of a glycoprotien (lubricin), functions 
as a lubricant within the joint; this reduces friction and provides for free movement 
(Barnett et al., 196 1; Goldring and Goldring, 2005; McCarthy and Frassica, 1998). The 
fluid acts to protect the cartilage, particularly under loading, at which time the pressure 
facilitates the formation of a concentrated gel that stops the coming together of the two 
cartilage surfaces. In addition, the synovial fluid supplies nutrients through diffusion to 
the articular cartilage, which is avascular (Barnett et al., 1961; Goldring and Goldring, 
2005; McCarthy and Frassica, 1998). The cartilage also receives nutrition from the 
subchondral bone, which like the synovium is vascularised. In vivo the articular 
cartilage is composed of approximately one to two percent chondrocytes, 10 percent 
proteoglycan (aggrecan and decorin), and between 15 and 20 percent type II collagen. 
The remainder of the cartilage is made up of water, which accounts for approximately 
70 percent (ibid. ). The joint facing area of cartilage (the gliding zone) has a matrix of 
mainly decorin (a small proteoglycan), fine collagen fibrils and compacted 
chondrocytes, while the middle and deep zones are made up of groups of increasingly 
larger collagen fibrils and more circular chondrocytes. Between the deep zone and the 
subchondral bone is the calcified cartilage zone, which is composed mostly of 
hypertrophic chondrocytes and type X collagen (ibid. ). 
3.1.4.3 Motion Segment Biomechanics 
The anterior aspect of the motion segment primarily functions to withstand compressive 
force. As already discussed, the area and thickness of each vertebral body and 
corresponding intervertebral joint increase in size with each descending segment in 
order to withstand the greater loads that are generated inferiorly (Palastanga et al., 1998; 
Nordin and Weiner, 200 1; Standring, 2005). However, through flexion, extension and 
rotation of the segment the intervertebral disc is also subjected to tension and shear 
forces (Nordin and Weiner, 200 1). The posterior aspect, through the orientation of the 
facets, dictates the plane of movement available at each vertebral level, which has been 
described in relation to each vertebral region in the previous sections. For each motion 
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segment the facet joints share spinal loads with the intervertebral disc, the degree of 
which is dependent on facet orientation (ibid. ). During axial compression the 
proportion of load through the facets joints varies between approximately 12% and 
18%, depending on the level, with the majority of the load being transmitted through the 
intervertebral disc (Goel and Clausen, 1998; Nachemson, 1960). As previously 
mentioned, the amount of force on the spine is dependent on posture as well as the 
vertebral level and individual variation in body proportion, which all affect 
biomechanical loading. Compared to the intervertebral disc, the amount of load on the 
facet joints differs during postural change. Compression takes place during extension, 
lateral flexion and rotation (ipsilateral side) while unloading and tension take place 
during flexion, lateral flexion and rotation (contralateral side) (Goel and Clausen, 1998). 
The biornechanical properties of the motion segment are greatly influenced by the 
health of the intervertebral disc. Translatory stability and flexibility are both related to 
the degree of degenerative change, which will be discussed further in Chapter 4 (Brown 
et al., 2002; Fujiwara et al., 2000a; Mimura et al., 1994; Murata et al., 1994; Weiler et 
al., 1990). As degeneration advances, the height of the disc is diminished and the 
distribution of force across the motion segment changes, which results in a greater load 
being experienced by the facets. This increase in mechanical stress is believed to be a 
primary cause of facet joint degeneration (Butler et al., 1990; Dunlop et al, 1984; 
Fuj iwara et al., 1999; Nachemson, 19 8 1). 
3.2 Biomechanical Loading on the Spine 
Basic biornechanical models may be used to calculate the forces acting upon both the 
back and neck. In the following models the magnitude of the force is defined by body 
segment mass and external object load, while the length of the lever arm is defined by 
body segment length, load position and angle of inclination. The centre of motion is the 
centre of any given motion segment. The forward bending moment is the product of the 
distance of the force acting on the centre of motion (the lever arm), and the magnitude 
of that force (Adams et al., 2006; Nordin and Weiner, 200 1). All forces (a, 0, y, ... ) and 
their lever arms (La, Lp, Ly ... ) acting on a particular centre of motion, along with their 
subsequent forward bending moment values, can be used to determine the expected load 
on the spine. While static the bending moment must be equal to zero, and as a 
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consequence the isometric force being applied by the antagonistic muscles (M), can be 
calculated ([I, x a] + [Lp x P] - [Lm x M] = 0). The total compressive force (C) is 
therefore determined by the angle of inclination of the spine, the magnitude of the force 
and the force exerted by the antagonistic muscles ([a x cos 0] + [P x cos 01 +M-C= 
0). The angle of inclination can also be used to calculate the expected shear force (S) 
([a x sin 0] + [P x sin 0] -S= 0) (Nordin and Weiner, 2001). The models therefore 
predict that an increase in lever arm length will increase the amount of load at any given 
motion segment. As discussed in Chapter 2, body proportion varies greatly both 
between and within populations and, as a consequence, differences in trunk length and 
or upper limb length affect the length of the lever and will produce different spinal loads 
between individuals. In addition, differences in upper to lower segment ratios, trunk 
and / or upper limb length in relation to lower limb length, will also affect the amount of 
load on the spine, which will be discussed further in Section 3.2.2.3. 
3.2.1 The Cervical Spine 
A minimal amount of muscle activity is required to maintain the head in a neutral 
position; as a consequence the main force on the cervical vertebral joints is derived from 
the weight of the head (Harms-Ringdahl et al., 1986). The example in Figure 3-8a 
shows the head in a relaxed neutral position exerting a force of 59 N with its centre of 
gravity a distance of 0.03 m (Lw) from the centre of motion (in this example CWT I), 
which produces a forward bending moment of 1.77 Nm (Harms-Ringdahl et al., 1986; 
Shan and Bohn, 2003). 
During flexion, extension and lateral flexion the length of the lever arm is increased. 
Figure 3.8b shows the neck in forward flexion with the centre of gravity of the head 
now a distance of 0.1 rn (Lw) from the C7/T I centre of motion. The subsequent 
increase in the lever arm produces a bending moment of 5.9 Nm. Using the force and 
lever arm values from Figure 3.8a, and assuming the lever arm of the Longus capitis 
muscles (L) to be 0.05 m, the following equation can be solved [0.03 rn x 59 N] - [L x 
0.05 m] = 0, which gives a value of 35.4 N. The total compressive force on the disc (C) 
is then calculated by solving the equation [59 Nx cos 001 + 35.4 N-C=0, which gives 
a value of 94.4 N (Adams et al., 2006; Nordin and Weiner, 200 1). By using the force 
and lever arm values from Figure 3.8b the static load during flexion may also be 
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predicted. The force required by the longus capitis muscles (L) has now increased to 
118 N ([0.1 mx 59 N] / 0.05 m=Q. Assuming the neck is held at an angle of 25' the 
predicted compressive force (C) has increased to 171.5 N ([59 Nx cos 25'] + 118 N= 
Q. The amount of anterior / posterior shear (S) on the disc during flexion can also be 
calculated by the equation (59 Nx sin 25') -S=0, which gives a value of 24.9 N 
(Adams et al., 2006; Nordin and Weiner, 200 1). 
(a) (b) 
59 N 
59 N 
Figure 3.8 Lever arm produced with head in neutral position (a) and in flexion (b) 
(Source: Adapted from Nordin and Weiner (2001: 273). Original Figure No. 10.2). 
The measurement of cervical intradiscal pressure (C2/C3, C3/C4) in cadaveric 
-2 specimens has revealed a linear increase from 20 NcM when completely unloaded, to a 
maximum of 350 NCM-2 when a compressive force of 800 N is applied (Cripton et al., 
2001). If the head contributes a force of 59 N, with the head and neck in a neutral 
position, the intradiscal pressure would be approximately 44.3 NcM-2 ((330/800 x 59) + 
20). The resulting force on an upper cervical disc with a cross-sectional area of 2 cm 
2 
(as defined by Pooni et al. (1986)), while maintaining a normal upright posture, would 
be 88.6 N. These figures are in agreement with measurements taken from living 
individuals, which have shown a mean unloaded pressure of 31 NcM-2 in the supine 
position, and 43.8 NcM-2 while sitting with the head and neck neutral (Hattori et al., 
1981)1. 
As previously described, the biomechanical loading model predicts a greater force 
associated with changes in head posture. In vitro the simulated muscle activity of 
Splenius cervicis, Scalenus medius and Semispinalis cervicis increased the C5/C6 disc 
pressure from an unloaded value of 23 Ncm-2 to 41 NcM-2 during flexion and extension 
1. As the indiv 
, 
idual disc level is not indicated by Hattori et al. (1981) for these measurements the overall 
load cannot be calculated. 
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(seven cervical spines from individuals aged between 27 and 64 years (no sex data 
given)). Rotation increased the pressure to 92 Ncm-2 , while during lateral flexion the 
pressure was raised to 58 NcM-2 (Pospiech et al., 1999). Assuming a C5/C6 disc area of 
3cm 2 (Pooni et al., 1986), the resulting loads would be 123 N, 276 N and 174 N 
respectively. Measurements recorded in vivo during head postural changes have shown 
an increase in disc pressure from 31 NCM-2 unloaded, to 91 NcM-2 during extension, 59 
NcM-2 during flexion and 53 NcM-2 during rotation and lateral flexion (Hattori et al., 
1981). 
Goel and Clausen (1998) developed a three dimensional model derived from computed 
tomography (CT) scans of a healthy cadaveric spine originating from a 68 year old 
male. The model was created in order to predict both intervertebral and facet joint 
loading at C5/C6 during static compression, flexion, extension, lateral flexion and 
rotation (using a bending moment of 1.8 Nm). When the model was preloaded with a 
force of 73.6 N, it showed that the majority of the load (88%) was transmitted through 
the intervertebral disc, with each facet joint bearing only six percent each (ibid. ). 
During flexion 113% of the preload was passed through the intervertebral disc, while 
the facet joints were completely unloaded. Extension resulted in 51% of the preload 
going through each facet, with just 14% being transmitted through the disc. During 
lateral flexion 68% of the load was passed through the intervertebral disc, and 41% 
through the ipsilateral facet, with the contralateral facet being unloaded. Axial rotation 
resulted in 75% of the load going through the disc, and 37% through the contralateral 
facet, while the ipsilateral facet was unloaded (ibid. ). 
The largest expected cervical loads have been calculated through electromyogram 
(EMG) derived models of peak neck muscle activity produced by isometric effort. 
Moroney et al. (1988) enlisted a total of 14 adults (10 male, 4 female) aged between 19 
and 59 years to perform flexion, extension, lateral flexion and rotation against an 
external load. The results from their EMG model predicted the mean compression 
values at C4/C5 to be 558 N, 1164 N, 758 N and 778 N respectively (ibid. ). A more 
recent isometric study was carried out by Choi and Vanderby (2000) using 10 male 
participants (no age range given) that additionally incorporated the activity of 
antagonistic muscles. Their results showed greater mean values predicting the 
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compressive force at C4/C5 to be 1654 N during flexion, 1372 N during extension and 
10 11 N during lateral flexion (ibid. ). 
3.2.1.1 Biomechanical Loading and Body Proportion - Cervical Spine 
The biornechanical models, along with the above studies, show that in the cervical spine 
increased loading primarily occurs due to changes in head and neck posture. The main 
affect of body proportion on cervical loading is therefore associated with activities 
where having a certain anthropornetric measurement effects the head and neck position. 
This may occur in standing tasks where being short/tall requires the cervical spine to be 
in prolonged and/or reoccurring extension/flexion. The same factors apply during 
seated work, which would also be affected by trunk length. 
3.2.2 The Thoracolumbar Spine 
Because the overwhelming majority of both biornechanical models and biomechanical 
investigations have concentrated only on the lumbar spine, the following sections are 
also, for the most part, limited to this area of the vertebral column. 
3.2.2.1 Standing and Sitting 
The amount of load acting upon the thoracolumbar spine during standing and sitting is 
dependent on many factors including upper body mass, the amount of force being 
exerted by the back muscles, the cross sectional area of the disc, and posture (Adams et 
al., 2006; Harrison etal., 2005; Nordin and Weiner, 2001, Snijders, 2001). Cadaveric 
segment studies have shown that the weight of the trunk, head and upper limbs to be 
around 60% of total body mass (Clarys and Marfell-Jones, 1994). For an individual of 
70 Kg this would result in a force of 412 N being exerted on the lumbar spine. The 
reduction in force due to body mass at each vertebral level superiorly is relative to the 
body mass at each vertebral segment, which ranges from 2.6% of total body mass at L5 
to 1.1 % at TI (Pearsall et al., 1996). The amount of force is also dependent on the 
angle of inclination at each vertebral level (Adams et al., 2006). The amount of force 
contributed by the back muscles has been investigated in vitro. The use of cadaveric 
material to simulate muscle activity (seven lumbar spines from individuals aged 
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between 30 and 63 years (no sex data given)), revealed an increase in intradiscal. 
pressure of 27 Ncm-2 (Wilke et al., 1996), which for a disc cross sectional area of 16 
cm2 (Pooni et al., 1986; Sato et al., 1999) would result in an additional force of 405 N. 
The basic biornechanical model can also be used to show the increase in load on the 
lumbar spine during postural change. In Figure 3.9a the trunk is exerting a load of 500 
N at a distance of 0.02 m (Lw) from the lumbar centre of motion (L5/S 1), creating a 
forward bending moment of 10 Nm. Assuming the lever arm of the Erector spinae 
muscle (E) to be 0.05 m, the equation [0.02 mx 500 NJ / 0.05 m=E gives a value of 
200 N, which produces an expected compressive force (C) on the U/S I disc of 700 N 
([500 Nx cos O'l + 200 N=Q (Adams et al., 2006; Nordin and Weiner, 2001). 
(a) (b) 
LW 
Figure 3.9 Lever arm produced during standing (a) and in flexion (b) (Source: Adapted 
from Nordin and Weiner (2001: 273). Original Figure No. 10.2). 
During 25' of flexion (Figure 3.9b), the lever arm is increased to 0.2 rn (Lw) producing 
a bending moment of 100 Nm. The isometric force now required by the Erector spinae 
muscle (E) has increased to 2000 N ([0.2 mx 500 N] / 0.05 m= E), which produces a 
compressive force (C) of 2453 N ([500 Nx cos 25'1 + 2500 N=Q. As before, the 
amount of anterior / posterior shear (S) on the disc during flexion can also be predicted. 
The equation [500 Nx sin 250] =S results in a value of 211 N (Adams et al., 2006; 
Nordin and Weiner, 200 1). 
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In vivo studies have shown that large differences occur in the amount of spinal loading 
experienced both between individuals, and within each individual during different 
standing postures. The amount of pressure applied to an individual lumbar disc during 
various postural and lifting tasks was studied by Wilke etal. (1999). A45yearold 
male volunteer, with no low back pain (LBP) or history of disc degeneration, as 
determined by magnetic resonance imaging (MRI), was implanted with a pressure 
transducer into the IAIL5 intervertebral. disc. The results showed that while in a relaxed 
standing posture the intradiscal pressure was 50 NcM-2, which given the participant disc 
cross section area of 18 CM2 would produce a force of 900 N. However, during flexion 
2 the intradiscal pressure increased to 110 Ncm- , which would produce a 
force of 1980 N 
(ibid. ). The disc pressure recorded during sitting with an upright posture and straight 
back was 55 NcM-2 (990N), while seated flexion increased the pressure to 83 NcM-2 
(1494 N). However, the least value was observed while the participant was slouched, 
which was a disc pressure of 27 NcM-2 (486 N) (ibid. ). Sato et al. (1999) also recorded 
the intradiscal pressure using a transducer inserted into the LA/L5 disc with a sample of 
eight participants aged 22 to 29 years (without disc degeneration as determined by 
MRI). The mean pressure recorded during normal standing was 53.9 NcM-2 (857 N), 
which increased to 132.4 NcM-2 (2105 N) during flexion (ibid. ). An upright seated 
posture produced a mean intradiscal pressure of 62.3 NcM-2 (1005 N), which was also 
increased during flexion to a value of 113.3 NcM-2 (1801 N) (ibid. ). 
In a rare exception to the lumbar spine studies, Polga et al. (2004) measured the 
intradiscal pressure in the thoracic region. A total of six participants aged 19 to 47 
years (4 males, 2 females) were fitted with pressure sensors in the mid (T6M or T7/Ts) 
and lower (T9/TlO orTlO/Tll) thoracic intervertebral discs. Interestingly, the mean 
measurements recorded during standing were greater in the mid thoracic (10 1 NcM-2 
than in the lower (86 NcM-2) . Both values were larger than the pressure recorded at 
LA/L5 by Sato et al. (1999) and Wilke et al. (1999), presumably due to the smaller disc 
cross section at more superior vertebral levels. However, assuming a disc cross-section 
area of 8 cm 2 at T6M, and 13 CM2 at TI O/T 11, the resulting loads would be 808 N and 
1118 N respectively. As in the lumbar studies, flexion during standing increased the 
pressure in the lower thoracic to 109 NcM-2 (1417 N). In contrast, the intradiscal 
pressure decreased during flexion in the mid thoracic and was recorded at 94 NcM-2 
(752 N). Sitting upright produced a pressure of 99 NcM-2 (792 N) in the mid thoracic, 
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which was slightly reduced during flexion to 96 NcM, 2 (768 N), and 88 NCM-2 (1144 N) 
in the lower thoracic which increased to 93 NcM-2 (1209 N) during flexion (ibid. ). 
Using cadaveric specimens, Dunlop et al. (1984) measured lumbar facet joint pressure 
in response to simulated postural change. A total of 12 disease free motion segments 
were subjected to in vivo compression (1000 N) and shear (200 N to 400 N) forces 
during flexion and extension (from individuals aged between 31 and 70 years (no sex 
data given)). A neutral posture generated a mean maximum pressure of 626 Ncm-2 . 
During four degrees of flexion the pressure was reduced to a mean value of 557 NcM-2 
while during the same degree of extension the mean pressure was greater at 713 NcM-2, 
which rose to a mean value of 783 NcM-2 when extension was increased to six degrees 
(ibid. ). Given an average lumbar facet joint area of 1.58 cm 2 the corresponding facet 
joint loads for a neutral posture would be 989 N, during flexion would be 880 N (four 
degrees) and during four and six degrees of extension would be 1126 N and 1237 N 
respectively (Dunlop et al., 1984; Swanepoel et al., 1997). Dunlop et al. (1984) also 
observed that all facet joint maximum pressure values increased when a replicated 
reduction in disc height was performed on each motion segment. 
The above studies confirm the predictions made by the biornechanical models. Changes 
in posture, and the subsequent increase in lever arm length, are shown to produce 
greater loads on the different spinal regions, which as previously stated would also be 
influenced by body proportion. However, as both cadaveric and invasive studies using 
living participants typically involve small samples, the extent to which the results are 
representative of the general population must always be considered. Furthermore, when 
using cadaveric material, post-mortem activity, embalming and the absence of living 
tissue responses all affect the accuracy of the results (Binokay et al., 2006; Del Rossi et 
al., 2004; lanuzzi et al., 2009; Keir and Bach, 2000). The models in the following 
section explore both the static and dynamic effects of adding external loads during 
manual handling tasks. 
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3.2.2.2 Manual Handling 
The amount of load on the thoracolumbar spine during manual handling is dependent on 
the weight of the object, the distance of the object from the lumbar centre of motion, 
which is affected by the objects size, and the position of the trunk (Figure 3.10). Iftwo 
different upper limb positions produce distances of 0.25 m (Figure 3.10a) and 0.5 m 
(Figure 3.1 Ob) from the spine centre of motion to the centre of an object exerting a 100 
N force (Lp), the greater upper limb length would result in an increase of forward 
bending moment from 25 Nm to 50 Nm. 
(a) (b) (c) 
100 N 
Figure 3.10 Effect of object distance and trunk position on lumbar spine loading 
(Source: Adapted from Nordin and Weiner (2001: 272-3). Original Figure Nos. 10.1 
and 10.2). 
In the previous section the bending moment while standing due to trunk mass was 
calculated as 10 Nm. When this is added to the above values the isometric force of the 
Erector spinae muscle (E) is calculated as 35 Nm / 0.05 m= 700 N, in respect of Figure 
3.10a, and 60 Nm / 0.05 m= 1200 N for Figure 3.10b. The resulting compressive 
forces are calculated as (100 Nx cos 0') + (500 Nx cos 00) + 700 N= 1300 N and (100 
Nx cos 0') + (500 Nx cos 0') + 1200 N= 1800 N respectively. Therefore in this model 
the compressive force is greater as a direct result of the increase in lever arm due to the 
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object being held further away with no change in mass or body position (Adams et al., 
2006; Nordin and Weiner, 200 1). 
In Figure 3.10c forward flexion is applied at an angle of 25', which simulates the 
procedure of a back lift, and has the effect of increasing the value of Lw to 0.25 m and 
Lp to 0.5 m. The subsequent isometric force of the Erector spinae muscle (E) is 
predicted to be 3500 N ([[0.25 mx 500 NJ + [0.5 mx 100 NJ] / 0.05 m= E), which 
gives a compressive force of 4043.8 N ([500 Nx cos 25'] + [100 Nx cos 25'] + 3500 N 
= Q. In respect of anterior / posterior shear (S), a force of 253.6 N would be expected 
at this angle during a 100 N back lift ([500 Nx sin 25'j + [100 Nx sin 25'j = S) 
(Adams et al., 2006; Nordin and Weiner, 200 1). 
The method of lifting also influences the amount of load on the thoracolumbar spine. 
Figure 3.11 shows two additional ways of picking up an object of identical weight to 
that of Figure 3.1 Oc, with each method producing a different amount of forward bending 
moment. 
(a) (b) 
Figure 3.11 Effect of lifting method on lumbar spine loading (Source: Adapted from 
Nordin and Weiner (2001: 274). Original Figure No. 10.3). 
Although the method in Figure 3.11 a employs the lower limbs, flexion of the spine also 
occurs, which moves the object further from the lumbar centre of motion and hence 
produces an even greater lever arm, which results in an isometric muscle force of 
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4200 N ([[0.3 mx 500 N] + [0.6 mx 100 N]J / 0.05 m= E). The expected compressive 
load during this technique is greater than during the back lift at a value of 4719.6 N 
([500 Nx cos 30'] + [100 Nx cos 300] + 3500 N=Q. With regards to shear (S), a 
force of 300 N would be expected ([500 Nx sin 30'] + [100 Nx sin 300] = S) (Adams et 
al., 2006; Nordin and Weiner, 2001). In Figure 3.11b, the back is maintained at a 
reduced angle while the lower limbs are employed to lift the object from between the 
feet (the correct lifting technique known as a leg lift). This lifting method reduces both 
Lw and Lp and results in an isometric muscle force (E) of 2800 N ([[0.2 mx 500 NI + 
[0.4 mx 100 N]] / 0.05 m= E). The compressive load is predicted to be the lowest of 
the three lifting techniques at a value of 3363.8 N ([500 Nx cos 20'] + [100 Nx cos 
20('] + 2800 N=Q. The amount of shear force (S) would also be expected to be the 
lowest of the three being calculated at a value of 205 N ([500 Nx sin 20'] + [100 Nx 
sin 20'] = S) (Adams et al., 2006; Hobbs and Aurora, 199 1; Nordin and Weiner, 200 1). 
It is not uncommon to have to carry out tasks with the spine positioned away from the 
line of gravity, particularly in relation to occupation. Working in this manner, and the 
act of lifting and carrying heavy objects, increases the load applied to the thoracolumbar 
spine, as demonstrated by both the above biornechanical calculations and the following 
in vivo studies. Marras et al. (1999b) investigated differences in maximum shear and 
compressive forces in relation to object weight and position during manual handling 
activities. A total of ten male warehouse employees (aged 19 to 49 years) volunteered 
to take part in the study and were evaluated using a three dimensional EMG model 
during the lifting tasks. Their results showed that object position and size, which 
greatly influence the amount of flexion and reach required to perform the task, 
significantly affected the level of lateral shear (P = 0.0242), anterior-posterior shear (P 
= 0.0084) and compressive (P = 0.0001) forces on L-5/St. Marrasetal. (1999b) also 
noted that when lifting objects from floor level both compression (> 7000 N) and shear 
forces (> 1600 N) exceeded the suggested safe working limits of 3400 N and 1000 N 
respectively (McGill, 1996; Waters et al., 1993). 
Both Polga et al. (2004) and Wilke et al. (1999) included manual handling activities in 
their intradiscal pressure studies (previously described in Section 3.2.1.1). Wilke et al. 
(1999) observed that when lifting tasks were performed using a 20 Kg weight (a force 
of 196 N), the pressure recorded at the LAIL5 intervertebral disc was greatest during a 
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back lift at 230 NcM-2 (4140 N) and least when the correct lifting technique using the 
lower limbs was employed at 170 Ncm-2 (3060 N). With the subject holding the weight 
close to the body in a standing position the pressure was recorded as 110 NcM-2 (1980 
N), which increased to 180 NcM-2 (3240 N) when the weight was held away from the 
body at a distance of 0.6 m (ibid. ). In the middle and lower thoracic regions Polga et al. 
(2004) recorded pressures of 161 NcM-2 (1288 N) and 143 NcM-2 (1859 N) respectively 
during an upright standing posture with 20 Kg weights held toward the body. When the 
weight was held in front of the body, due to a 90 degree flexion of the elbows, the 
intradiscal pressure was 261 NcM-2 (2088 N) in the mid and 230 NcM-2 (2990 N) in the 
lower thoracic region. Polga et al. (2004) also repeated this load handling manoeuvre 
while the participants were in an upright seated position, which increased the pressure 
to 277 NcM-2 (2216 N) and 257 Ncm-2 (3341 N) respectively. 
As with the previous section, the manual handling studies support the predictions of the 
biornechanical models. Forces acting on the spine in the presence of an external load 
are not only influenced by postural change, they are also affected by object size and 
position while static. Differences in upper limb length alone would alter the degree of 
force at any given motion segment during static loading, while differences in trunk and 
upper limb length, and their relativity to lower limb length, would all change the spinal 
loading dynamics during lifting, which is discussed further in the following section. 
However, as with the studies reviewed in the previous section, the validity of the results 
when using cadaveric material and small samples must be take into account. 
3.2.2.3 Biomechanical Loading and Body Proportion - Thoracolumbar Spine 
The biomechanical models predict that for a given increase in the length of the lever 
arm there will be a corresponding increase in the amount of load acting on the joints of 
the vertebral column. The in vivo studies have confirmed, through direct measurement 
of the intradiscal pressure, that this is indeed what happens during both trunk flexion 
and upper limb extension when engaged in manual handling. It therefore follows that 
individual differences in body proportion will also affect the length of the lever arm. 
The following models, modified to reflect these differences, show that a greater trunk 
length and / or upper limb length will increase the load on the thoracolumbar spine 
relative to an individual of lesser dimensions. They also show that lever arm length is 
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affected by differences in trunk and / or upper limb length compared to lower limb 
length. The upper to lower segment ratio therefore changes how near an object has to 
be before it can be lifted, which directly affects the length of the lever arm. 
Both examples in Figure 3.12 have identical upper segment values of 1.0 rn (radius 
length + humeral length + trunk length), but with different lower limb length values of 
0.8 m and 0.9 rn respectively. Assuming an angle of 105' between the upper limb and 
trunk, a trunk length of 0.5 m, and a radius + humerus length of 0.5 m, the length of the 
upper segment reach (LR) would be 0.79 rn (LR 2= [0.5 2 +0.5 2] - [2 x 0.5 x 0.5 x cos 
105']) in both examples. However, due to the difference in lower limb length, an object 
height (1,0) of 0.3 rn results in a lever arm length (Lp) of 0.61 rn in Figure 3.12a and of 
0.51 rn in Figure 3.14b (Lp 2= LR 2- LH 2). 
(a) (b) 
LO LO 
Figure 3.12 Effect of lower limb length on segment ratio and lever arm length (Source: 
Adapted from Nordin and Weiner (2001: 273). Original Figure No. 10.2). 
The lever arm model can now be used to calculate the amount of force. Given an object 
load of 100 N, a trunk load of 500 N, a trunk lever arm (Lw) distance of 0.4 m. and an 
Erector spinae length of 0.05 m, the isometric muscle forces would be 5220 N ([[0.4 rn 
x 500 N] + [0.61 mx 100 N]] / 0.05 m= E) and 5020 N ([[0.4 rn x 500 N] + [0.51 mx 
100 N]J / 0.05 m= E). The resulting compressive forces would be 5324 N ([500 Nx 
cos 80'] +[ 100 Nx cos 80'] + 5220 N=Q and 5124 N ([500 Nx cos 80'] +[ 100 Nx 
cos 80'] + 5020 N=Q. However, the shear force (S), calculated as 591 N for both 
examples ([500 Nx sin 80'] + [100 Nx sin 80'] = S), would be unaffected by the 
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difference in lower limb length. The model therefore predicts a 200 N increase in 
compressive load on the spine for a 0.1 m reduction in lower limb length. 
In Figure 3.13 although both 'a' and V have the same lower limb length of 0.8 m, the 
upper segment values vary due to different trunk lengths. Again assuming an angle of 
105' between the upper limb and trunk, a trunk length of 0.5 m and a radius + humerus 
length of 0.5 m the length of the upper segment reach (LR) would be 0.79 rn (LR 2= 
[0.5 2 +0.5 2] - [2 x 0.5 x 0.5 x cos 105'j) in Figure 3.13a. However in Figure 3.13b, a 
trunk length of 0.6 rn and a radius + humerus length of 0.5 m results in an upper 
segment reach (LR) of 0.87 m (LR 2= [0.5 2 +0.6 2] - [2 x 0.5 x 0.6 x cos 105'])). The 
difference in trunk length results in lever arm lengths (Lp) of 0.61 m in Figure 3.15a and 
of 0.71 m in Figure 3.15b (Lp 2= LR 2-L 11 
2) 
.A greater trunk 
length not only changes 
the value of Lp, it also alters the value of Lw, due to the distance of the trunk centre of 
mass from the centre of motion, and increases the value of the trunk load. 
(a) 
LO 
Figure 3.13 Effect of trunk length on segment ratio and lever arm length (Source: 
Adapted from Nordin and Weiner (2001: 273). Original Figure No. 10.2). 
LO 
In this example the isometric force of the Erector spinae muscle would be 5220 N ([[0.4 
ra x 500 NJ + [0.61 mx 100 NJ] / 0.05 m= E) and 6920 N ([[0.5 mx 550 NJ + [0.71 m 
x 100 NJ] / 0.05 m= E) and the compressive forces would be 5324 N ([500 Nx cos 80'] 
+[ 100 Nx cos 80'j + 5220 N=Q and 7033 N ([550 Nx cos 800] +[ 100 Nx cos 800] 
+ 6920 N=Q respectively. In respect of shear (S), the amount of force is affected by 
the difference in trunk length and is calculated as 591 N for Figure 3.13a ([500 Nx sin 
(b) 
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800] + [100 Nx sin 800] = S) and 640 N for Figure 3.13b ([550Nx sin 80'] + [100 Nx 
sin 80'] = S) The model therefore predicts that spinal loading would be 1709 N greater 
in compression and 49 N greater in shear for a 0.1 rn increase in trunk length. 
In the next example Figure 3.14a has a 0.1 m greater upper limb length while lower 
limb length remains the same for both at 0.8 m. With an angle of 105' between the 
upper limb and trunk, a trunk length of 0.5 m and a radius + humerus length of 0.5 m, 
the length of the upper segment reach (LR) would be 0.79 m (LR 2= [0.5 2 +0.5 2j - [2 x 
0.5 x 0.5 x cos 105'j) in Figure 3.14a. In Figure 3.14b a trunk length of 0.5 m and a 
radius + humerus length of 0.4 m results in an upper segment reach (LR) of 0.72 m (LR 2 
= [0.5 2 +0.6 2] - [2 x 0.5 x 0.6 x cos 105'])). The difference in upper limb length results 
in lever arm lengths (Lp) of 0.61 m in Figure 3.14a and of 0.52 m in Figure 3.16b (Lp 2= 
LR 2-LH 2) . The muscle force would therefore be 5220 N Q[0.4 ra x 500 N] + [0.61 mx 
100 N]] / 0.05 m= E) and 5040 N ([[0.5 m. x 500 N] + [0.52 m. x 100 Nfl / 0.05 rn = E), 
and the compressive forces would be 5324 N ([500 Nx cos 80'] + [100 Nx cos 80'] + 
5220 N=Q and 5144 N ([500 Nx cos 80'j + [100 Nx cos 80'] + 5040 N=Q 
respectively. As with lower limb length, the shear force would be unaffected by the 
difference in upper limb length and would be 591 N ([500 Nx sin 80'] + [100 Nx sin 
80'] = S) for both examples in Figure 3.14. As a result, the model predicts a 180 N 
greater load would be placed on the spine for a 0.1 m increase in upper limb length. 
(a) 
LO 
IF 
LO 
Figure 3.14 Effect of upper limb length on segment ratio and lever arm length (Source: 
Adapted from Nordin and Weiner (2001: 273). Original Figure No. 10.2). 
(b) 
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The above examples demonstrate that differences in body proportion can affect the 
amount of force that is generated during manual handling. The models predict that an 
individual with a high upper to lower segment ratio would experience a greater load on 
the spine compared to someone with a lower value while performing a similar task. 
They also identify that spinal loading is particularly sensitive to differences in trunk 
length. 
3.2.3 Bipedal Locomotion 
The force which acts upon the vertebral column during walking is made up of two parts. 
The force resulting from the aforementioned factors relating to standing, the 
gravitational influence and the effects of motion on those factors, and the force brought 
about by the transient heelstrike (Cappozzo, 1984). During walking each limb cycles 
through a stride, which is composed of a swing phase and a stance phase, shown below 
in Figure 3.15 (Barr and Backus, 2001). 
Heelstrike Loading Response Midstance 
000 toll de 
Terminal Stance Pre-Swing Toe Off 
I 
L 
I 
- I. 
Figure 3.15 Six stages of the stance phase of walking, the active limb is shown as solid 
line (Source: Adapted from Barr and Backus (2001: 441). Original Figure No. 18.2). 
The stance phase begins when the foot makes initial contact with the ground, which is 
known as the heelstrike. The heelstrike is followed by the loading response, which 
54 
occurs when the full plantar surface makes contact with the floor. During the midstance 
the foot remains flat and flexion of the tibia occurs as the body moves anteriorly. The 
body mass moves to the front part of the foot during terminal stance, which is followed 
by pre-swing when the mass is finally moved across to the opposite limb. The final 
stage is defined by the foot leaving the ground, which is known as the toe off (ibid. ). 
The overall peak compressive force produced by walking acting on the lumbar spine 
occurs immediately prior to the toe off stage. The amount of force generated increases 
with velocity and varies considerably between individuals, partly as a result of 
differences in gait (Callaghan et al., 1999; Cappozzo, 1984; Gill and O'Connor, 2003). 
The heelstrike produces a transient force, an example of which is shown in Figure 3.16 
(Collins and Whittle, 1989; Folman, et al., 1986; Gill and O'Connor, 2003; Verdini et 
al., 2006; Whittle, 1999). The heelstrike transient (HST) takes place at the start of the 
walking cycle and lasts for approximately 10-20 ms, appearing as a sudden shock. The 
amount of force generated by the HST is dependent on the rate of change in the 
momentum, which is affected by the velocity of the heel as it strikes the floor, the mass 
that has to be decelerated and the amount of time during which the deceleration process 
occurs (Whittle, 1999). 
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Figure 3.16 Example of heelstrike transient recorded on floor mounted force plate 
during barefoot walking (Source: Adapted from Whittle (1999: 265). Original Figure 
No. 1.0). 
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It therefore follows that a greater force will be produced by an increase in velocity and 
or mass and a decrease in deceleration time. While the deceleration time will be 
dependent on the shock absorbing properties of the heel pad, the mass will be affected 
by body size and occupational loading (Bennett and Ker, 1990; Rome, 1998). 
Once generated, the HST is transmitted upward through the skeleton, attenuating as it 
travels superiorly, with the majority of the force being absorbed in the lower segment 
(Ratcliffe and Holt, 1997; Smeathers, 1990; Wosk and Voloshin, 198 1). The amount of 
force reaching the vertebral column will therefore be increased by any reduction in the 
shock absorbing properties of the joints of the lower limbs (Chu et al., 1986). Extrinsic 
factors that also affect the magnitude of the HST include the type of floor surface and 
the size, shape and composition of footwear (Folman, et al., 2004; Whittle, 1999). 
Large variations in spinal load have been recorded during walking by studies using 
indirect measures of compressive forces. Callaghan et al. (1999) used three- 
dimensional anatomical modelling in conjunction with electromyogram (EMG) data 
from five males (aged 22 to 28 years) in order to predict the amount of load on the 
lumbar spine during walking. Spinal loads were calculated for three walking speeds 
each with two conditions, arm swing and no arm swing. The results showed that the 
predicted force increased with walking speed and that the maximum force recorded was 
2766 N, which occurred during fast walking with the no arm swing condition. The 
mean compressive loads on the L4/L5 disc ranged between 672 N and 1959 N and there 
was no significant difference between the two arm swing conditions (ibid. ). A previous 
study carried out by Cappozzo (1984) into spinal loading during walking also used 
anatomical modelling and EMG data, along with previously recorded static intradiscal 
measurements. Data was recorded from five males (aged 21 to 32 years) while walking 
at four different speeds. The maximum predicted force on the L3/LA segment was 1482 
N, while the mean compressive loads for the sample ranged between 13 8N and 1411 N. 
The actual disc pressure experienced during walking was recorded by Wilke et al. 
(1999) (previously described in Section 3.2.1.1). Their measurements showed that 
22 intradiscal pressure at LAIL5 ranged between 53 Ncm- and 65 Ncm- , which would 
result in a compressive load of between 954 N and 1170 N (ibid. ). Wilke et al. (1999) 
also recorded the amount of disc pressure during jogging, which ranged between 35 
NcM-2 and 95 NcM-2 (a compressive load of between 630 N and 17 10 N). 
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3.2.3.1 Bipedal Locomotion and Body Proportion 
One of the factors associated with the size of the force generated during locomotion is 
the amount of time taken during deceleration of the heel as it strikes the ground. This 
deceleration time is in turn dependent on the size of the heel pad. As a consequence a 
smaller heel pad size will result in a more rapid deceleration of the heel and a larger 
value for the heel strike transient (HST) (Whittle, 1999). The potential size of the HST 
can therefore be described in biomechanical terms in relation to individual differences 
in body proportion. A smaller calcaneus relative to body size would be subjected to 
both a greater mass and would have a reduced heel pad size, which as a consequence 
would be expected to result in a larger HST compared to large calcaneal to body size 
ratio. The size of the lower limbs and the lower limb joints relative to the upper 
segment will also affect both the magnitude of the initial HST and the degree of 
attenuation that takes place before the force reaches the vertebral column. In addition, 
the deceleration time would be further reduced by any increase in mass due to 
occupational loading, which would also be affected by the aforementioned differences 
in body proportion. 
3.2.4 Static and Dynamic Loading Comparisons 
By directly measuring intradiscal pressure, studies have shown that static loading on the 
spine is approximately 900 N in the lumbar, I 110 N in the low thoracic and 800 N in 
the mid thoracic regions (Polga et al., 2004; Wilke et al., 1999). If these static values 
are taken as representing a base line value of one, then the relative maximum value of 
each dynamic movement may be considered. Table 3.4 shows that manual handling 
activities generate the biggest increase in compressive load on the lumbar spine, with 
the back lift producing the largest overall relative force of 4.6 times that of standing. As 
would be expected from the lever arm model, holding a weight out in front of the body 
increased the load (3.6) relative to holding the same weight close to the body centre 
(2.2). The load was also greater than that produced while performing a leg lift with the 
same weight (3.4). Compared to the lumbar spine, less force was produced by the same 
position in the lower (2.7) and middle thoracic (2.6). Interestingly when the same upper 
limb/weight posture was adopted while seated, a greater force was produced in both the 
lower thoracic (3.0) and middle thoracic regions (2.8). Standing flexion produced more 
57 
than a two fold increase in the lumbar, which was greater than the force measured while 
either walking (1.3) or jogging (1.9). Standing flexion produced only a moderate 
increase in load in the lower thoracic (1.3) and a slight decrease in the middle thoracic 
(0.9). 
Table 3.4 Increase in dynamic spinal loading relative to standing value taken from 
direct intradiscal pressure measurements (Source: Adapted from Polga et al. 
(2004: 1322). Original Table No. 1.0; Wilke et al. (1999: 757). Original Table No. 1.0). 
Activity Lumbar Lower Thoracic 
Middle 
Thoracic 
Standing 1.0 1.0 1.0 
Sitting 1.1 1.0 1.0 
Walking 1.3 
Jogging 1.9 
Standing Flexion 2.2 1.3 0.9 
Seated Flexion 1.7 1.1 1.0 
Standing With 20 Kg 2.2 1.6 1.7 
Standing With 20 Kg Held Out In Front 
Of Body 3.6 2.7 2.6 
Seated With 20 Kg Held Out In Front 
Of Body - 3.0 2.8 
Back Lift With 20 Kg Weight 4.6 
Leg Lift With 20 Kg Weight 3.4 
NOTE: - denotes no data available 
3.3 Summary 
Biomechanical models show that changes in posture produce greater loads on the 
different regions of the spine due to an increase in lever arm length. The models also 
show that the amount of load transmitted through the vertebral joints will be greatcr 
during manual handling activities. Furthermore, results from studies that have recorded 
intradiscal pressure during postural change, using both cadaveric material and living 
participants, support these biomechanical predictions. When the models are adapted to 
reflect differences in limb length and trunk length, they show that greater upper segment 
dimensions, relative to the lower segment, result in higher compressive loading through 
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the vertebral joints. With regards to locomotion, the amount of force generated by the 
heel strike transient (HST) would also be influenced by body proportion, due to changes 
in deceleration time resulting from the size of the heel pad. In addition, the size of the 
HST would be dependent on the mass being decelerated, which would be affected by 
both body proportion and occupational loading. 
In the following chapter the pathophysiological changes associated with osteophytes are 
examined, along with their prevalence and risk factors, with particular emphasis on 
occupational mechanical loading. Furthermore, the relationship between vertebral joint 
degeneration and body proportion, evidenced by previous anthropometric and 
prevalence studies, is also discussed. 
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CHAPTER 4- VERTEBRAL DEGENERATIVE JOINT DISEASE 
In the previous chapter, the biomechanical principles relating to the amount of force 
transmitted through the spine were described. This chapter reviews the aetiology of 
vertebral joint disease and considers its association with spinal loading. In Section 4.1 
the formation of osteophytes, and how they relate to disc degeneration, facet joint 
osteoarthritis, mechanical stress and spinal instability are discussed. In addition, 
Section 4.2 examines both the prevalence and risk factors associated with vertebral joint 
disease. The final section explores the evidence in the literature for a link between body 
proportion and degenerative change, both directly, through the inclusion of 
anthropornetrical factors in predominantly risk factor studies, and indirectly through 
between-population research into body proportion and vertebral joint disease. 
In living individuals, articular cartilage loss, osteophyte formation, joint space 
narrowing and subchondral bone sclerosis are all characteristic features of degenerative 
joint disease (Buckland-Wright et al., 2000; Chu et al., 2002; Gamero et al., 2002; 
Hashimoto et al., 2002; Raudenbush et al., 2003; Tanaka et al., 1998; Yamada et al., 
2002). Because soft tissue and joint space morphology are typically no longer apparent 
when considering human skeletal remains, the osteological determination of 
degenerative joint disease is normally evidenced by the presence of osteophytes, 
articular surface pitting, and eburnation (Aufderheide and Rodriguez-Martin, 1998; 
Ortner, 2003). However, in respect of this investigation, in order to evaluate the 
frequency of degenerative change, the presence and severity of vertebral joint 
osteophytosis has been recorded. Osteophytes are frequently associated with 
mechanical stress and as such are a key indicator of spinal loading resulting from the 
biornechanical models outlined in the previous chapter (Hayami et al., 2006; Kellgren 
and Lawrence, 1952; Lawrence, 1969a; Marshall, 1969; Marshall and Olsson, 1971; 
O'Neill et al., 1999; Riihimdki et al., 1989; Seidler et al., 200 1). Studies have also 
revealed that osteophytosis may take place in the absence of other signs of degenerative 
change (Kramer, 2006; Oishi et al., 2003; Pye et al., 2007; Sakai et al., 2007). In 
addition, the recording of osteophytes allows for a direct comparison with evidence 
from living populations, as they are commonly included in joint pathology grading 
systems (C6te et al., 1997; Kellgren et al., 1963; Lane, et al., 1993; Mimura et al., 
1994; Pathria et al., 1987; Weishaupt et al., 1999). 
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4.1 Osteophytosis 
The evidence pertaining to both osteophyte formation and function comes from studies 
relating to osteoarthritis (OA) and disc degeneration (DD). Although the precise role of 
osteophytes is still unknown, this research, along with spinal instability studies, has 
produced strong evidence that suggests they are in part a process that stabilises the joint, 
and may even have the ability to restore joint function (Buckland-Wright et al., 2000; 
Guyton and Brand, 2002; Nagaosa et al., 2002; Perry et al., 1972; Pottenger et al., 
1990). With regards to mechanical stress, it is not known whether increased load 
transmission and / or instability triggers osteophytosis directly, or whether it instigates 
articular cartilage damage first, which produces the same effect. However, 
intervertebral. joint osteophytes appear at a younger age and are generally more frequent 
than other indicators of degenerative change (Kramer, 2006; Oishi et al., 2003; Pye et 
al., 2007; Sakai et al., 2007). 
4.1.1 Intervertebral Disc Degeneration 
A normal healthy lumbar disc and a severely degenerated disc are shown in Figure 4.1. 
Macroscopically, the first degenerative changes to be observed are annular tears and 
clefts, dehydration of the nucleus pulposus and endplate cartilage fissures (Guiot and 
Fessler, 2000). Collagen fibrils appear damaged and become disorganised, while the 
number of laminae in the annulus are reduced. Cleft formation, which is thought to 
result from annular tears, increases the rate of degeneration further and leads to cavities 
inside the nucleus pulposus (Guiot and Fessler, 2000; Vcmon-Roberts and Pirie, 1977). 
The nutritional supply to the disc is also compromised as endplate subchondral sclerosis 
reduces porosity. In addition to dehydration, the diminishing flow of nutrients promotes 
lactate metabolism, which increases the acidity levels within the disc and causes further 
degradation of the cartilage matrix (Guiot and Fessler, 2000). In the annulus there is an 
increase in chondrocytes and proteoglycans during the initial stages of degeneration. As 
nutrient diffusion slows both chondrocyte production and proteoglycan levels are 
reduced (Cs-Szabo et al., 2002). With regards to collagen content, an increase may be 
observed for all types, although in some cases type 11 is reduced (Antoniou et al., 
1996a; Nerlich et al., 1998). 
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Figure 4.1 Healthy (a) and severely de-enerated (b) ILimbar intervertebral discs 
(SoLirce: Adapted from Gillard (2005))'. 
As tirne progresses collagen types 1, IV and X are all apparent in the nucleus PUIPOSLIS 11 Z71 
whereas within the endplatcs type 11 is no longer present (AntoniOU Ct (1/., 1996b: 
Nerlich et al., 1998). As degeneration advances and dehydration increases there is also 
a marked reduction in both disc height (disc space narrowing) and pressure, which 
decreases the shock absorbing properties ofthe disc (B Lick walter, 1995, Vernon-Roberts 
and Pirie, 1977). This increases the amount offorce passing through the endplate and 
into the vertebral body, the physiological response to which is thought to be the 
formation of' osteophytes in an attempt to increase the surface area avallable for load 
transmission (Di Cesare and Abramson, 2005-, Voorhies, 2001 ). Osteophytes are spurs 
ofnew bone formation that project outwards at joint boundaries (Di Cesare and 
Abramson, 2005, Gelse et W., 2003, Sandell and Aigner, 200 1 -, van der Kraan et (d., 
2007). They are most commonly l'OUnd on the antero-lateral border ofthe vertcbral 
body, as shown in Figure 4.2, and ori. ginate frorn fibroblast like cells in the periOSteL1111 
or synovial tissue. Their subsequent progression has been shown to be akin to the 
development ofthe foetal cartilage growth plate, with eVC11tUaI cridochondral Z- 17, 
ossification taking place within the central part ofthe outgrowth (Gelse et al., 2003; 
Vernon-Roberts and Pirie, 1977). 
1. Rcference taken from chirooeck website, no paoc or fimire number available. 
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Figure 4.2 Plain i-adiograph oflumbar intervertebral joint osteophytes on antero-lateral 
boalci- (Sow-ce: Adapted from Phi-nnann and Rcsmck (200 1: 37 1 ). On, -jilal Fll-'Lire No. 
6). 
Mechanical stress is considered to he in important factor in the aetiology ofjoint C- 
disease, as high levels ofoccupational physical loading are frequently found to be a 
sionificant risk factor linked with disc de-eneration (Kellgren and Lawrence, 1952-, 
Lawrence, 1969a; O'Neill ct al., 1999; Riihirn, 'iki et al., 1989: Seidler et al., 2001 
Both in vivo and in Ott-o studies have also provided further evidence supportim, the role 
ofinechanical stress in the instivation of(le-enerative change. Animal experiments 
using murine and leporine inodeis have shown that prolonged compressive spinal 
loading can cause cell disorganisation, reduced cell proliferation, increased apoptosis 
and decreased type 11 collagen expression (Kroeber et al., 2002, Lotz et al., 1998). 
Macroscopic changes have Included; a decrease in 11LICICUS PLIII)OSLIS VOIUMC, disc space 
narrowing, suhchondral sclerosis and spinal instability, dernonstrated through increased 
inotion scornent translation (ibid. ). In addition, research Lisint, hunian cadaveric 
material has shown that mechanically induced t1cx1on, used to simulate a back lift, can 
cause a drop in both nuclear pressure and diameter alono \ý Aa permanent reduction in 
disc hei(, ht (Adams et al., 2000). 1 
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4.1.2 Osteophytes and Disc Degeneration 
Intervertebral joint osteophytes are commonly regarded as being indicative of the 
presence of disc degeneration and as such are frequently used in order to identify and 
grade the condition (C6t6 et al., 1997; Kellgren et al., 1963; Lane, et al., 1993; 
Marchiori and Henderson, 1996; Mimura et al., 1994; Pathria et al., 1987; Pye et al., 
2004; Seidler et al., 200 1; Thompson et al., 1990; Vernon-Roberts, 1987; Weishaupt et 
al., 1999). However, studies have shown that the relationship between osteophytosis 
and other clinical signs of disc degeneration is not always straightforward (Kramer, 
2006; Oishi et al., 2003; Pye et al., 2007; Sakai et al., 2007). Pye et al. (2007) 
examined the association between lumbar osteophytes, disk space narrowing (DSN) and 
endplate sclerosis in a British sample of 286 males and 299 females (aged 2: 50 years). 
Although the results showed a significant correlation between osteophytes and both 
endplate sclerosis and DSN (P < 0.05), the prevalence varied markedly between them. 
While almost three quarters of the participants were shown to have intervertebral joint 
osteophytes (73.0%), endplate sclerosis and disc space narrowing were present in only 
25.6% and 36.7% of the sample respectively (ibid. ). Kramer (2006) investigated 
intervertebral joint osteophyte frequency by vertebral level in a United States (US) 
sample of 244 women aged between 20 and 82 years. The results also showed a 
significant relationship between osteophytes and disc space narrowing (P < 0.001). 
However, the same disparity was apparent between the prevalence of the two features, 
with osteophytes being present in 73.4% of the sample compared to 16.8% in respect of 
DSN. Kramer (2006) also observed that osteophytes were present at a younger age than 
DSN at every vertebral level (ibid. ). 
Sakai et al. (2007) investigated the association between lumbar osteophytosis and disc 
space narrowing in a Japanese sample of 152 males and 228 females aged between 60 
and 81 years. The prevalence rates, particularly in the case of DSN, were greater than 
in the studies of both PYe et al. (2007) and Kramer (2006). Although osteophytes and 
reduced disc height were present in 80.1 % and 63.3 % of the sample respectively, there 
was no significant correlation found between them. Similar results were obtained by 
Oishi et al. (2003), who also examined the relationship between lumbar osteophytes and 
disc degeneration in an elderly Japanese female sample (aged ý: 60 years). In this 
instance degeneration was identified by disc space area (as defined by Frymoyer and 
64 
Gordon (1988)). By this criterion the prevalence of disc degeneration was greater than 
intervertebral joint osteophytes at 68% and 61% respectively. However like Sakai et al. 
(2007), no correlation was found between osteophytosis and disc degeneration (Oishi et 
al., 2003). 
As previously mentioned, osteophytes are thought to function primarily as a 
physiological method of increasing joint surface area in response to mechanical stress. 
The fact that they frequently occur in the absence of, and do not always correlate with 
other indicators of degenerative change suggests that when osteophytes appear 
independently, they may be symptomatic of lifetime cumulative physical loading. This 
may explain the high prevalence rates compared to other macroscopic changes in some 
of the above studies. The finding also provides justification for the recording of 
osteophytes as an indicator of degenerative change related to body proportion 
biomechanics. However, early histological disc changes have also been observed from 
a young age, although it is not known whether these are part of the normal aging 
process, are related to mechanical stress, or are early signs of disc degeneration (Gries et 
al., 2000). 
4.1.3 Facet Joint Osteoarthritis 
The pathophysiology of facet osteoarthritis (OA) follows a similar course to that of disc 
degeneration. Articular cartilage loss, the formation of osteophytes (Figure 4.3) and 
subchondral bone sclerosis are all characteristic features of facet OA (Ball, 1986; 
Currey, 1980; Di Cesare and Abramson, 2005; Lichtenstein, 1975; McCarthy and 
Frassica, 1998). One of the first changes to take place is the breakdown of the cartilage 
matrix. Within the matrix denaturisation of type Il collagen takes place, which leads to 
an initial increase in water content (Hollander et al., 1995; Price et al., 1999; Qazi et al., 
2007; Vignon et al., 1984). A localised reduction in the number of chondrocytes occurs 
through apoptosis, while in some areas chondrocytes proliferate in clusters, which may 
be part of a failed attempt at repair (Quintavalla et al., 2005; Sharif et al., 2004; Stoop et 
al., 2001). There is an overall decrease in proteoglycan synthesis, and as the condition 
progresses, cartilage fibrillation occurs, which may be due to the failure of chondrocytes 
binding to fibronectin (Aigner et al., 1992; Lafeber et al., 1992; Messner et al., 200 1; 
Piperno et al., 1998; Stoop et al., 2001; Venn and Maroudas, 1977). In the later stages 
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ol'OA Ulceration takes place, which leads to the eventual destruction ofcartilage 
(Garnero et ul., 2002; Tanaka et til., 1998). 
Figure 4.3 Compterised tomography (CT) scan showing advanced right ILInibar t'. Icet 1- 11: 1 - 
OA with large osteophyte (SoLit-ce: Adapted from Sarazin ct (11. ( 1999: 94). 01-ioillal L- Z- 
HOUrc No. I). 
SUbchondral sclerosis is commonly described as occurring secondary to cartilage 
deaeneration (Ball, 1986-, Lichtenstein, 1975; McCarthy and Frassica, 1998). However, 
research has sm-ested. that osteological modifications may take place in parallel with, 
or even precede cartilage remodelling. Subchondral changes may reduce the shock 
absorbing properties ol'bone and subsequently increase the mechanical stress on the 
joint causing eventual cartilage failure (Brandt et al., 2006; Muehiernan et til., 2002; 
Nobel and Alexander, 1985; Radin and Rose, 1986). Changes to trabecular bone have 
been observed in early stages ol'expermientally Induced OA in aninial studies, in OA 
patients and in cadavers, suggesting that it could arise prior to OA cartilage changes, I- Z4 C- 1: 1 
although it is unclear how these chanoes are linked to sclerosis (Botter et al., 2006, Day l- 
et al., 200 1; Ding et al., 2003). The pharmacological prevention ol'subchondral C- 
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changes in OA induced animals has also been shown to protect against the development 
of osteoarthritis (Hayami et al., 2004; Manicourt et al., 1999). In addition, studies have 
suggested that sclerotic subchondral. bone may affect articular cartilage at the cellular 
level. Osteoblasts derived from sclerotic bone have been shown to have a greater effect 
on the alteration of gene expression in osteoarthritic chondrocytes compared to those 
from non-sclerotic cells (Sanchez et al., 2005). However, other studies have found no 
evidence of pre OA sclerotic changes, and have concluded that subchondral bone 
alteration occurs after cartilage destruction and is a late expression of the condition, 
showing that the true nature of the progression of the disease is still unclear 
(Raudenbush et al., 2003; Yamada et al., 2002). 
Animal experiments have also shown that osteophytosis is one of the first pathologic 
changes to take place after the commencement of OA, and may occur before cartilage 
degeneration and subchondral bone changes are evident (Hashimoto et al., 2002; 
Hayami et al., 2006; Marshall, 1969; Marshall and Olsson, 1971; van Osch et al., 1996). 
In agreement with these studies, the formation of osteophytes in human knee joints has 
also been found to take place in advance of other macroscopic changes (Buckland- 
Wright et al., 2000; Danielsson and Hernborg, 1970). Osteophytes have been observed 
to form in patients with untreated anterior cruciate ligament ruptures, the presence of 
which are thought to reduce joint laxity (Buckland-Wright et al., 2000). Osteophytosis 
in OA knee and hip joints has been found to limit the degree of instability, and in some 
cases be responsible for the spontaneous recovery of joint space (Guyton and Brand, 
2002; Nagaosa et al., 2002; Perry et al., 1972; Pottenger et al., 1990). This re- 
stabilisation and return of joint function has also been shown to coincide with the 
cessation of osteophyte growth (Marshall and Olsson, 1971). 
4.1.4 The Relationship between Facet Joint and Intervertebral Disc Degeneration 
Degenerative changes to the intervertebral discs have been shown to take place at a 
younger age than in the facet joints. In addition, studies have shown that pathologic 
changes in the facet joints rarely occur in the absence of disc degeneration and that the 
conditions are frequently significantly related (Butler et al., 1990; Fujiwara et al., 1999; 
Margulies et al., 1996; Vemon-Roberts and Pirie, 1977). It is therefore hypothesised 
that disc degeneration is a causative factor in the degeneration of the facets due to an 
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increase in mechanical stress. Greater pressure is placed on the facet joints because of a 
redistribution of axial load resulting from reduced disc height and / or instability of the 
intervertebral joint (Dunlop et al., 1984; Yang and King, 1984). However, some studies 
have shown that facet joint cartilage fibrillation and cartilage degradation may be 
present independently of disc degeneration and can also occur at a younger age (Gries et 
al., 2000; Swanepoel et al., 1995). 
4.1.5 Spinal Instability 
Instability of the spine is considered to be an important factor in both back pain and 
vertebral degenerative joint disorders (Fujiwara et al., 2000a; Fujiwara et al., 2000b; 
Kirkaldy-Willis and Farfan, 1982; Panjabi, 2003). As previously described, 
experimentally induced joint instability has shown that osteophyte formation takes place 
early in the degenerative process. The re-stabilisation and restoration of joint space has 
also been linked with the appearance of osteophytes, the growth of which has been 
observed to end when stability has been restored. Whilst mechanical stress has been 
shown to be highly correlated with osteophyte formation through occupational studies, 
the role of instability during physical loading is poorly understood. Motion segment 
instability, in relation to vertebral joint degeneration, has been described by Kirkaldy- 
Willis and Farfan (1982) as occurring in three phases. During the initial stages of disc 
degeneration the range of motion may be reduced. As severity increases a period of 
instability follows, which lasts until the latter stages of degeneration, when they suggest 
that re-stabilisation occurs (ibid. ). 
Weiler et al. (1990) examined the degree of lumbar instability in 36 back pain patients 
compared to 12 asymptomatic controls with no evidence of vertebral DJD (Canadian 
males aged between 17 and 60 years). The symptomatic subjects were further divided 
in to three groups which were classified as idiopathic back pain (N = 9), disc prolapse 
(N = 17) and disc degeneration, as defined by disc space narrowing, subchondral 
sclerosis and / or osteophytosis (N = 10). A total of five radiographs were obtained for 
each participant in full flexion, semi flexion, neutral, semi extension and full extension 
postures. The sum of the incremental movements for each individual was then used to 
calculate an instability factor. The results showed that the disc degeneration group had 
a significantly greater instability factor compared to the controls (P = 0.0065). 
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However, there was no difference found with regards to the other symptomatic groups 
(ibid. ). Murata et al. (1994) also investigated lumbar instability in 60 male and 49 
female Japanese back pain patients aged between 14 and 82 years. Disc degeneration 
was graded using MRI as defined by Thompson et al. (1990), while instability was 
measured by horizontal displacement on radiographs during flexion and extension. In 
contrast to Weiler et al. (1990), the results showed that back pain patients with either 
none or mild disc degeneration had significantly greater instability compared to those 
with a higher grade (P < 0.05), although the effect was only apparent at vertebral level 
L311A. Murata et al. (1994) concluded that undetected disc disease in the 'none' group 
may be responsible for the observed increase in mobility. They also hypothesised that 
the stability apparent in motion segments with more severe grades of disc degeneration 
was as a result of re-stabilisation, which may be due to the formation of osteophytes 
(ibid. ). 
Fujiwara et al. (2000a) investigated the relationship between spinal instability and both 
disc and facet degeneration using MRI and radiographic imaging. Their sample was 
comprised of symptomatic Japanese patients, 36 males and 34 females, aged between 
13 and 76 years. Motion segments were examined in relation to L3/LA, IAIL5 and 
L5/S1 and disc degeneration was graded according to Thompson etal. (1990). With 
regards to the facet joints, degeneration was defined by the severity of osteophytosis 
and / or joint space narrowing. Instability was defined as irregular tilting on flexion 
Q:: f30 posterior disc opening), increased rotation (-: -- 15' or ý: 200 at L5/S 1) and anterior, 
posterior and anteroposterior translation (ý! 3 mm). The results showed a significant 
relationship between anterior translation and both disc (P < 0.05) and facet degeneration 
(P < 0.001). However, facet changes were negatively associated with both irregular 
flexion and anteroposterior instability (P < 0.05). In respect of rotational instability, 
there was no significant association with disc or facet joint degeneration (ibid. ). 
Fujiwara et al. (2000b) also carried out a study into segmental motion and both disc and 
facet degeneration using cadaveric material. Spines from 25 males and 19 females aged 
between 39 to 88 years were dissected in order to produce a total of 110 motion 
segments ranging from TI 2/LI to L5/S 1. Each segment underwent magnetic resonance 
imaging (MRI) as a result of which the levels of degeneration were graded according to 
Thompson et al. (1990) and Grogan et al. (1997). For both sexes the level of motion 
increased with greater degeneration of the disc with the exception of the highest grade, 
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which was related to decreased motion. The difference in motion with grade of 
degeneration was significant in respect of flexion (males P<0.05), lateral bending 
(males P<0.05) and rotation (males P<0.00 1, females P<0.00 1). The severity of 
facet joint osteophytes also appeared to reduce flexion, extension and lateral bending 
however the effect was not significant (Fujiwara et al., 2000b). 
Mimura et al. (1994) also used cadaveric material in order to assess the relationship 
between lumbar instability and disc degeneration. Lumbar spines from 12 male 
individuals aged between 35 and 64 years were mounted in specialised apparatus in 
order to test the range of motion (ROM) with respect to flexion/extension, lateral 
flexion and rotation. Radiographic disc degeneration was graded according to the 
degree of disc space narrowing, osteophytosis and sclerosis. The results showed that, 
with regards to simulated flexion/extension and lateral flexion, the range of motion 
decreased with increased degeneration, which was significant for the latter (P < 0.000 1). 
In respect of axial rotation, the range of motion initially increased with greater severity 
before decreasing significantly with the highest severity (P < 0.0002), where the ROM 
returned to that of the mildest degenerative grade (ibid. ). A further cadaveric study was 
carried out by Brown et al. (2002), which also examined the association between 
lumbar segment instability and disc degeneration. Lumber motion segments (N = 50) 
were obtained at autopsy from 12 individuals, aged between 21 and 67 years (no sex 
data given). A vertebral distracter was used to test the stiffness of each motion segment, 
after which dye was infused into each disc and the degree of degeneration assessed 
macroscopically through dissection. Although not significant, the results showed that 
motion segment stiffness initially decreased (greater instability) with increasing 
degeneration, after which the stiffness, and therefore stability, increased with the higher 
degenerative grades (ibid. ). 
The above research into the relationship between instability and disc degeneration has 
produced mixed results. While some studies have linked the severity of disc 
degeneration to a pattern of motion resembling the Kirkaldy-Willis and Farfan (1982) 
phases, others have shown either greater or reduced instability to be associated with 
increased degenerative grade. This may be in part due to the large methodological 
variation employed in this field, which has resulted in research findings that are not 
always directly comparable. Furthermore, in studies where re-stabilisation has been 
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shown to occur, its relationship with other specific indicators of degenerative change, 
such as osteophytosis, has not been discussed. However these investigations, along 
with the research into appendicular joint disease, do lend evidence to suggest that 
osteophytosis is in part a process that stabilises the joint, and could even have the ability 
to restore joint function. This finding may indicate that osteophytes function to either 
prevent further degenerative change from taking place, or in the very least slow down 
its progression. 
The frequently observed relationship between osteophytes and occupation also lends 
support to the idea that mechanical stress is a key causative factor in their formation. 
Intervertebral joint osteophytes appear independently and are more prevalent than other 
indicators of degenerative change, which could suggest that physical loading and joint 
disease are two different processes that increase mechanical stress. They may both 
cause osteophytosis as the joint attempts to increase the load bearing surface area, or 
they may both produce instability, which triggers osteophyte formation in an attempt to 
re-stabilise the joint. However, it is also possible that physical loading initiates joint 
degeneration, causing an increase in mechanical stress and / or instability resulting in 
the formation of osteophytes. Although the exact nature of degenerative change is still 
unknown, the above studies undoubtedly highlight the multifactorial characteristic of 
joint disease and osteophytosis in particular. 
4.2 Prevalence and Risk Factors 
Vertebral degenerative joint disease (DJD) is apparent in both asymptornatic as well as 
symptomatic individuals, the consequence of which is that any attempt to ascertain its 
prevalence in living populations can only be undertaken through radiographic 
examination (Boden et al., 199 1; Elfering et al., 2002; Jensen et al., 1994; Lehto et al., 
1994; Schenk et al., 2006; Weishaupt et al., 1998; Witt et al., 1984). As a result of the 
contemporary ethical requirement for research approval, along with the prohibitive cost 
of modem imaging procedures, an accurate determination of the true extent of vertebral 
joint degenerative change is difficult to establish (Baker and Wheeler, 1998; Classic et 
al., 200 1). Our current understanding of general population and occupational 
prevalence rates comes from investigations that were undertaken at least 40 years ago 
(Kellgren and Lawrence, 1952; Lawrence, 1955; Lawrence, 1969a; Lawrence, 1969b). 
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Modem studies typically use symptomatic participants from orthopaedic clinics, or 
images acquired from patients who have undergone non-orthopaedic related scans, none 
of which can be classed as genuinely representative of a general population sample. 
There is also little commonality in sample size, age range, the use of both sexes, 
imaging technique, pathological grading or vertebral level. In addition, although in 
most cases the country in which the investigation was carried out is known, no details 
are provided on the ancestral make up of the samples (Frymoyer et al., 1984; Kramer, 
2006; Marchiori and Henderson, 1996; O'Neill et al., 1999; Zapletal et al., 1995). 
However, common ground can be found in the results of practically all studies carried 
out to date, which have reported that vertebral joint degeneration is related to both age, 
and in the case of the lumbar spine, sex. 
The prevalence of lower lumbar intervertebral joint osteophytes was investigated by 
Frymoyer et al. (1984) in a US sample of 292 males aged between 18 and 55 years 
using plain radiographic analysis. The study was comprised of individuals with either 
current low back pain (LBP) or those who were symptom free but with a history of 
LBP. Their results showed that lumbar intervertebral joint osteophytes were present in 
14.4% of the sample (Frymoyer et al., 1983; Frymoyer et al., 1984). Inaoka et al. 
(2000) also recorded the prevalence of lumbar intervertebral joint osteophytes. Their 
Japanese sample was comprised of 546 males and 292 females, aged between 23 and 83 
years, all of which had received lumbar radiographs as part of a standard health screen. 
They observed that although the prevalence rate was 13.9% for the total sample, the 
actual sex specific rates were 18.7% for the male sample and 5.7% for the females 
(ibid. ). 
Witt et al. (1984) recorded lumbar intervertebral joint osteophytes in both symptomatic 
and asymptornatic Danish individuals aged between 20 and 80 years. A total of 304 
radiographs (148 males, 156 females) were analysed and the prevalence rate was shown 
to be 51.3% for the total sample, unfortunately no sex specific rates were reported. 
Lawrence (1969a) documented the frequency of both lumbar and cervical disc 
degeneration, as defined by the degree of osteophytosis and disc space narrowing, in a 
British general population sample. Lumbar radiographs were analysed for a total of 713 
males and 809 females, aged 35 years and over, which revealed the prevalence of DJD 
to be 74% and 59% respectively. When considered by age group the highest frequency 
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was observed in the > 64 years group where the prevalence was recorded as 91% for 
males (N = 138) and 78% for females (N = 180) (ibid. ). 
Lawrence (1969a) also recorded cervical degeneration in his British general population 
study from a sample of 1803 males and 1572 females aged 15 years and over. Analyses 
of the radiographs showed the prevalence to be 51% in males and 49% in females. 
However, if those under 35 years of age are excluded in order to compare the results 
with the lumbar findings, the prevalence increases to 64% for both sexes. As with the 
lumbar data, the greatest frequency was recorded for the > 64 years group at 95% for 
males (N = 186) and 84% for females (N = 257) (ibid. ). Zapletal et al. (1995) examined 
radiographs for the presence of atlanto-odontoid degeneration from a total of 500 Dutch 
patients, aged between 20 and 90 years (245 males, 255 females), who underwent non- 
orthopaedic related computed tomography scans (CT). Their results showed that the 
overall prevalence of osteophytes at the atlanto-odontoid joint was 18%. Zapletal et al. 
(1997) subsequently analysed the atlanto-axial joints on 355 of the CT images (126 
males, 229 females) for severe degeneration. The presence of concurrent osteophytes, 
disc space narrowing and subchondral. sclerosis in this sample was observed to be five 
percent. As with the investigation by Witt et al. (1984), no sex specific findings were 
given in either study. 
Marchiori and Henderson (1996) investigated the prevalence of cervical disc 
degeneration by vertebral level in a sample of US patients who had all been referred to 
the radiology department. Radiographs from 369 males and 294 females (no age range 
given) were examined and osteophytes recorded as either small (< 3 mm) or large (> 3 
mm). The percentage of osteophytes by vertebral level is shown in Figure 4.4. Small 
osteophytes were more prevalent than large, and for both levels of severity the 
frequency increased inferiorly peaking at C5/C6 and C6/C7 respectively. The overall 
prevalence of cervical degeneration was shown to be 41.5% (no sex specific data 
reported) (ibid. ). 
Both O'Neill et al. (1999) and subsequently Kramer (2006) investigated osteophyte 
prevalence from T4/T5 through to L5/Sl. O'Neill etal. (1999) recorded the occurrence 
of intervertebral osteophytes in a British sample of 499 males and 681 females, aged 
between 50 and 79 years. All the participants had previously taken part in an 
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osteoporosis study for which spinal radiographs had been taken. Osteophyte prevalence 
from T4/T5 to 1-5/S I was 56% in the total sample, 69.1 c1c in males and 46.5% in 
females. The intervertebral joint osteophyte frequency by vertebral level is shown in 
Figure 4.5. In the thoracic region osteophyte frequency peaked at approximately 34C/C 
in the male sample for level TI O/T II and at around 19% in the female sample for level 
T9/T 10. In respect of the lumbar region the greatest frequency was approximately 26% 
in the male sample for level 1-3/1-4 and at around 11% in the female sample for level 
1-2/1-3 (O'Neill et al., 1999). 
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Figure 4.4 Percentage of anterior osteophytes by vertebral level and severity (small <3 
mm, large > 3mm) (N = 663, combined sex, no age range specified) (Source: Adapted 
from Marchiori and Henderson (1996: 2749). Original Table No. 2)1. 
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Figure 4.5 Intervertebral joint osteophyte frequency by level and sex (N = 499 males, 
681 females, aged 50 to 79 years) (Source: Adapted from O'Neill et tit. (1999: 844). 
Original Figure No. 1). 
1. Figure 4.4 created using tabulated data from Marchiori and Henderson ( 1996). 
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Kramer (2006)1 observed a noticeably greater prevalence of degenerative change 
compared to O'Neill et al. ( 1999), with osteophytosis being present in 73% of the total 
sample and approximately 90% of those aged > 50 years. When considered by vertebral 
level, as shown in Figure 4.6, osteophyte frequency peaked at approximately 34% in the 
thoracic for level T9/Tl0 and around 20% in the lumbar for level L4/1-5, results which 
are similar to the male sample frequencies observed by O'Neill et (d. (1999). 
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Figure 4.6 Intervertebral joint osteophyte frequency by level for the total sample (N = 
244) and for the age group > 50 years (N = 129) (all female) (Source: Adapted from 
Kramer (2006: 2845). Original Figure No. 4). 
The above studies show that intervertebral joint osteophyte prevalence in the general 
adult population is between 14 and 50 percent, which increases to between 50 and 90 
percent when more elderly samples are considered. When examined by vertebral level 
osteophyte prevalence peaks at around C6 in the cervical region, T9 in the thoracic and 
L4 in the lumbar. These points of maximum frequency coincide with where the curve 
of each vertebral region is approximately tangential to the vertical, which is where the 
greatest compressive stress is experienced (Keller et al., 2005, Kramer, 2006; O'Neill et 
al., 1999; Pye et al., 2004; Standri ng, 2005). 
4.2.1 Risk Factors 
Whilst many risk factors have been associated with symptomatic back and neck 
disorders, including age, sex, socioeconomic status, mental health, occupation, lifestyle I 
1. Previously described in Section 4.1. 
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and genetics (Adams et al., 1999; Bener et al., 2004; Carroll et al., 2004; Deyo and 
Bass, 1989; Koster et al., 2004; Kostova and Koleva, 200 1; Park et al., 200 1), the 
asymptornatic nature of vertebral DJD has by definition limited our knowledge in this 
area to a certain degree. However, by far the most common factors found to correlate 
with vertebral joint degeneration are age, sex, mechanical loading and genetics, and it is 
for this reason they are included here for discussion. 
4.2.1.1 Age 
The most common factor associated with degenerative joint disease is age (Lawrence, 
1969b; Meachim and Emery, 1974; Reginster, 2002; Roberts and Burch, 1966). At the 
cellular level senescent changes are frequently observed in articular cartilage, which it 
has been suggested accounts in part for the relationship between DJD and age (Carlo 
and Loeser, 2003; Martin et al., 2004a; Martin et al., 2004b; Martin and Buckwalter, 
2003; Price et al., 2002; Yudoh et al., 2005). While these changes undoubtedly play a 
role, the lifetime cumulative effects of biornechanical loading, which will be discussed 
further in Section 4.2.1.3, cannot be ignored as a possible causative factor in the age 
related increase in vertebral joint disease. The link between age and degenerative 
change is clearly evident in vertebral DJD prevalence studies (Hassett et al., 2003; 
Inaoka et al., 2000; Kramer, 2006; Lawrence, 1969a; Torgerson and Dotter, 1976; 
Wiikeri et al., 1978; Zapletal et al., 1995; Zapletal et al., 1997). 
Torgerson and Dotter (1976) included age in their comparative radiographic 
investigation between symptomatic and asymptornatic individuals. Their US study was 
comprised of 312 males and 292 females aged between 40 and 70 years. The results, 
displayed in Figure 4.7, show a large increase in lumbar osteophyte frequency for both 
groups with each increase in age group. Wiikeri et al. (1978) included the age related 
prevalence of lumbar disc degeneration, as defined by both disc space narrowing and 
osteophytosis, in their radiographic study of Finnish concrete reinforcement workers. 
Their sample was comprised of 295 males aged between 19 and 64 years. Figure 4.8 
displays the percentage of workers with evidence of disc degeneration by age group. 
Like Torgerson and Dotter (1976), the results of Wiikeri et al. (1978) also show a near 
linear relationship between degeneration and age group. 
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Figure 4.7 Percentage of symptomatic (N = 387) and asymptomatic (N = 217) 
individuals with lumbar osteophytes shown by age group (combined sex, aged 40 to 70 
years) (Torgerson and Dotter, 1976)'. Z71 
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Figure 4.8 Percentage of male workers with lumbar disc degeneration by age group (N 
- 295, aged 19 to 64 years) (Source: Adapted from Wlikeri et al. (1978: 49). Oricyinal C, -1 
Table No 1) 
2. 
Although the above studies describe a relationship between age and degeneration, the 
3 
following investigation s have also tested this correlation statistically. Inaoka et al. 
(2000) analysed the age of individuals with (N = 102) and without (N = 736) vertebral 
joint degeneration. The results showed the mean age to be greater (P < 0.0 1) in those 
with osteophytosis (59.2 years) compared to those without (5 1.0 years). 
1. Figure 4.7 created using data from results section text of Torgerson and Dotter ( 1976). 
2. Figure 4.8 created using tabulated data from Wiikeri et til. (1978). 
3. The studies by Inaoka et til. (2000), Kramer, 2006-, and Lawrence, ( 1969a) were all previously described 
in Section 4.2. 
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Kramer (2006) investigated the effect of age on both the presence and severity of 
intervertebral joint osteophytosis. The results showed that between each 10 year age 
grouping there was an increase in osteophyte presence (P < 0.00055) as well as a 
significant correlation between osteophyte severity and age (P < 0.0001). Lawrence 
(1969a) also observed an age related increase with regards to intervertebral joint 
degenerative change, shown in Figure 4.9. For both vertebral areas the relationship 
between age and the increase in de-eneration was found to be significant (P < 0.0005). 
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Figure 4.9 Percentage of total sample with cervical (N = 3375) and lumbar (N = 1522) Z-- 
disc degeneration by age group (combined sex, minimum age 35, no maximum given) 
(Source: Adapted from Lawrence (1969a: 125). OrIgmal Table Nos. 2 and 3)'. 
4.2.1.2 Sex 
Studies investigating prevalence rates of degenerative joint disorders typically report 
lower rates in women below menopausal age. From the menopause onwards this trend 
is reversed with females being significantly more likely to be affected, particularly in 
the case of osteoarthritis (OA) (Corti et al., 2002; Felson et al., 1995, Reginster, 2002., 
Roberts and Burch, 1966). The cause of this association is not fully understood and 
much of the research has produced conflicting results. The levels of circulating sex 
hormones change at menopause with articular cartilage being particularly sensitive to 
estrogen levels (Berne and Levy, 2000; Johnson and Everitt, 2000; Rosner et al., 1986). 
In addition, variants of the estrogen receptor gene have been identified as a risk factor 
associated with OA (Bergink et al., 2003; Ushiyama et cit., 1999). However, in respect 
1. Figure 4.9 created using tabulated data from Lawrence ( 1969a). 
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of intervertebral joint osteophytes, males frequently have a significantly higher 
prevalence at all ages (Inaoka et al., 2000, Lawrence, 1969a; O'Neill et al., 1999; Pye et 
al., 2004)'. This may be as a result of sex differences in socio-cultural behaviour, 
particularly in respect of occupational manual handling, which would increase the 
amount of biornechanical loading on the spine in males compared to females. 
Inaoka et al. (2000) investigated sex differences in levels of vertebral joint degeneration 
in their Japanese sample. The results showed that the prevalence of lumbar osteophytes 
was significantly greater (P < 0.0 1) in males (18.7%) compared to females (5.7%). 
Lawrence (1969a) compared both the severity of lumbar disc degeneration and the 
number of discs affected between males and females. Althouah hiaher levels of DID 
were apparent in the male sample, only severe degeneration was found to be 
significantly different between the two groups (P<0.01). With regards to the number 
of discs, a significantly greater (P < 0.0005) number of males (23%) compared to 
females (9%) had at least four discs with evidence of degenerative change. In respect of 
cervical DD, Lawrence (1969a) revealed that severe degeneration was also significantly 
greater (P < 0.05) in males aged 55 years and above (ibid. ). 
O'Neill et al. ( 1999) observed a greater prevalence of osteophytes in males at each 
vertebral level (Figure 4.5), and for each age category shown in Fi gure 4.10. Z11 
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Figure 4.10 Percentage of osteophytes by age group and sex (N = 499 males, 681 
females, aged 50 to 79 years) (Source: Adapted from ONeill et al. (1999: 844). 
2 Original Table No. 2) . 
1. The studies by Lawrence (1969a) and O'Neill et (it. ( 1999) were previously described in Section 4.2. 
2. Figure 4.10 created using tabulated data from O'Neill et (it. ( 1999), 
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When osteophyte severity was surnmated for all vertebral levels the score was found to 
be significantly higher in males (P < 0.05), a median of seven, compared to females, 
which was a median value of three (O'Neill et al., 1999). Pye et al. (2004) also 
recruited participants from a British osteoporosis study, their sample being comprised of 
286 males and 299 females aged 50 years and older. The results showed that not only 
was the prevalence of lumbar intervertebral joint osteophytes significantly higher in 1ý 
males (P < 0.05), it was also greater in each age category and at each vertebral level, 
shown respectively in Figures 4.11 and 4.12 below (ibid. ). 
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Figure 4.11 Percentage of lumbar osteophytes by age group and sex (N = 286 males. Z- 
299 females, minimum age 50 years, no maximum iven) (Source: Adapted from Pye et L- 9 
al. (2004: 757). Original Table No. 2)1. 
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Figure 4.12 Percentage of lumbar osteophytes by vertebral level and sex (N = 286 
males, 299 females, minimum age 50 years, no maximum -given) 
(Source: Adapted from 
Pye et al. (2004: 755). Original Figure No. 1). I- 
1. Figure 4.11 created using tabulated data from Pye et al. (2004). 
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4.2.1.3 Mechanical Loading 
At both the macroscopic and microscopic levels, abnormal amounts of mechanical 
stress have been found to lead to deleterious effects on articular cartilage (Chahine et 
al., 2007; Chen et al., 200 1; Chen et al., 2003; Clements et al., 200 1; Ewers et al., 200 1; 
Lucchinetti et al., 2002; Quinn et al., 2001). Furthermore, experimentally induced 
mechanical stress has resulted in the formation of osteophytes (Hayami et al., 2006; 
Marshall, 1969; Marshall and Olsson, 1971). Prevalence studies that have included 
occupation have also shown a relationship between levels of mechanical loading and the 
formation of osteophytes (Kellgren and Lawrence, 1952; Lawrence, 1969a; O'Neill et 
al., 1999; Riihimdki et al., 1989; Seidler et al., 2001)1. These studies are of particular 
importance as the highest spinal loads produced by the biornechanical models discussed 
in Chapter 3, and therefore those that are affected the most by differences in body 
proportion, relate to occupational manual handling activities. 
Kellgren and Lawrence (1952) compared the radiographic prevalence of lumbar 
degenerative change, as defined by disc space narrowing and the presence of 
intervertebral joint osteophytes, between three male groups of British workers. Their 
sample was comprised of miners (N = 84), manual workers, which consisted of 
labourers, blacksmiths, carpenters, machinists, and painters (N = 45) and office workers 
(N = 42), all aged between 40 and 50 years. The results, displayed in Figure 4.13, show 
that miners had a significantly greater prevalence of degenerative change when 
compared to manual workers (P < 0.00 1) and office workers (P < 0.05) (ibid. ). 
Lawrence (I 969a) also examined the frequency of degenerative change between 
occupational groups that experienced differing degrees of mechanical loading. In 
respect of the male sample the results, displayed in Figure 4.14, revealed that miners 
and outdoor/armed forces workers had a significantly higher prevalence compared to 
the textile (P = 0.01) and business/professional groups (P < 0.01). Lumbar degenerative 
change was also found to be highly prevalent in the heavy industry and miscellaneous 
manual worker groups. However, the small sample size in these groups resulted in the 
difference being non-significant. Not surprisingly, degeneration also appeared at a 
younger age in the miners, outdoor / armed forces workers and miscellaneous manual 
worker groups. In relation to females, there was no significant difference between 
1. The studies by Lawrence (1969a) and O'Neill et al. (1999) were previously described in Section 4.2. 
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occupations. However, there were no female groups representing miners, heavy 
industry or miscellaneous manual workers, and the majority of the cohort was in the 
domestic group (Lawrence, 1969a). 
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Figure 4.13 Percentage of lumbar intervertebral joint degeneration by occupation and 
severity (N = 84 miners, 45 manual workers, 42 office workers. males aged 40 to 50 
years) (Source: Adapted from Kellgren and Lawrence (1952: 201). Original Table No. 
I I). 
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Figure 4.14 Percentage of disc degeneration by occupation (lumbar/cervical N= 
139/424 miners, 10/26 heavy, 35/78 manual, 255/536 outdoor, 70/215 other, 83/230 
trade, 49/68 textile, 70/172 professional, males, minimum age = 35, no maximum 
2 
given) (Source: Adapted from Lawrence (1969a: 131-2). Original Table Nos. 8 and 9) 
1. Figure 4.13 created using tabulated data from Kellgren and Lawrence (1952). 
2. Figure 4.14 created using tabulated data from Lawrence ( 1969a). 
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Severity group and occupation 
With regards to the cervical region, also shown in Figure 4.14, the highest prevalence 
was in the manual workers group, which was significantly greater than the outdoor and 
other industry workers. As with the lumbar region, there was no significant difference 
between occupational groups in the female sample (Lawrence, 1969a). Interest i ngly, 
while the lumbar prevalence essentially mirrors occupational group in respect ofthe 
degree of physical loading on the spine, the results for cervical prevalence show a 
different pattern. This finding is in agreement with studies into symptomatic neck 
disorders, which have shown that cervical pathology may also be associated with 
sedentary occupational groups (Ariýns et al., 200 1 a; Korhonen et al., 2003-, Lau et al., 
1996). 
Riihimdki et al. ( 1989) compared the prevalence of lumbar intervertebral joint 
osteophytes in two differing Finnish male occupational groups. A total of 216 concrete 
reinforcement workers and 201 house painters, aged between 25 and 54 years, took part 
in the study. Like the results obtained by Lawrence (1969a), RiihimAi et al. ( 1989) 
found that osteophyte frequency was significantly greater (P < 0.0 1) in workers who Z-1 
carried out greater levels of physical loading. The results, shown in Figure 4.15, also 
revealed that in concrete reinforcement workers the prevalence was higher in each age 
group, and that osteophytes were present from an earlier age. 
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Figure 4.15 Percentage of osteophytes by age group and occupation (N = 216 concrete, 
201 painters, males aged 25 to 54 years) (Source: Adapted from Riihimdki et (il. 
(1989: 419). Original Figure No. 1). 
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O'Neill et al. (1999) also examined intervertebral joint osteophyte prevalence among 
groups of differing activity levels. The results showed a significantly greater (P < 0.05) 
frequency of both thoracic and lumbar osteophytes in males who undertook heavy 
activity compared to those performing light/moderate tasks. However, no association 
was apparent in the female sample. Seidler et al. (200 1) investigated the effect of 
cumulative physical loading in relation to lumbar joint disease in a German sample of 
426 males, aged between 25 and 65 years. The study group was comprised of 229 
symptomatic individuals with radiographically confirmed intervertebral joint 
degeneration, as defined by disc space narrowing and osteophytosis, along with 197 
asymptomatic controls with no radiographic evidence of disease. The results showed 
that compared to the controls the symptomatic group were significantly more likely to 
have spent longer working in a highly physical occupation (P < 0.05). In addition, the 
symptomatic group showed a significant trend for having both greater cumulative lifting 
and carrying of increasing weight, and of having to work while in a posture of flexion 
greater than 900 (P < 0.00005) (ibid. ). 
Videman et al. (1990) used cadaveric material to investigate the relationship between 
mechanical loading and disc degeneration by using retrospective occupational and life 
history data. Lumbar spines removed at autopsy were obtained from a total of 86 
Finnish male individuals aged less than 64 years. Their past occupations were grouped 
as sedentary (N = 22), mixed (N =2 1), driving (N = 14) and heavy (N = 29). The mixed 
category included individuals who had performed two or more occupations with 
differing levels of physical loading. Perhaps unexpectedly, the results showed that 
severe symmetric disc degeneration, as defined by discography, was significantly 
associated with sedentary work (P = 0.026). Annular ruptures were related to previous 
back injury (P < 0.05) and were frequently apparent in drivers, although not 
significantly. No relationship was found between end plate defects and occupation. 
The only aspect of degenerative change that was associated with past heavy physical 
work was intervertebral joint osteophytes, which was significant in relation to moderate 
and severe grades (P = 0.025) (ibid. ). 
All of the above studies show that osteophyte prevalence increases in relation to 
occupational manual handling. They provide evidence that prolonged exposure to the 
high spinal loads predicted by the biomechanical models in Chapter 3 is a risk factor for 
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the formation of vertebral joint osteophytes. The biomechanical models related to body 
proportion show that the levels of force transmitted through the spine during manual 
handling would be higher for individuals with a high upper to lower segment ratio. 
These individuals would therefore be expected to be at greater risk of vertebral joint 
osteophytosis. The results obtained by Videman et al. (1990) are also of particular 
interest as they support the idea that osteophytes may appear as a result of physical 
loading independent of other indicators of disc degeneration. Furthermore, they 
demonstrate that disc degeneration may be a separate process that can take place in the 
absence of high levels of occupational mechanical stress. 
4.2.1.4 Genetics and Ancestry 
Research into the relationship between our genes and degenerative joint disorders has 
advanced as a result of the development in our understanding of the human genome. 
Genomic analysis has provided numerous candidate genes where there are 
polymorphisms associated with joint disease, in particular with osteoarthritis. Many of 
the polyrnorphisms are genes that code for inflammatory cytokines and / or growth 
factors (Leppdvuori et al., 1999; Loughlin et al., 2002; Meulenbelt et al., 2004; Moos et 
al., 2000; Smith et al., 2004). Polymorphisms relating to genes that code for articular 
cartilage matrix proteins have also been linked with degenerative joint disease (Aigner 
et al., 1999; Ala-Kokko et al., 1990; Loughlin et al., 1995; Meulenbelt et al., 1999; Min 
et al., 2006; Uitterlinden et al., 2000; Valdes et al., 2007). Further more, genes relating 
to proteins involved in cell signalling and antigen presenting have also been associated 
with DJD (James et al., 2000; Loughlin et al., 2004; Min et al., 2005; Rodriguez-Lopez 
et al., 2007; Valdes et al., 2007). In addition, several human leukocyte antigen (HLA) 
genes, which are responsible for antigen presenting, have been found to possess certain 
alleles that are positively associated with DJD and others that are negatively related 
with the disease (Merlotti et al., 2003; Moos et al., 2002; Riyazi et al., 2003; Wakitani 
et al., 2001). 
Research has shown a link between the vitamin D receptor gene (VDR) and 
osteoarthritis (Solovieva et al., 2006; Uitterlinden et al., 1997; Uitterlinden et al., 2000; 
Valdes et al., 2006), although in some populations this has found not to be the case 
(Aerssens et al., 1998; Baldwin et al., 2002; Huang et al., 2000; Loughlin et al., 2000). 
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An association between the VDR gene and intervertebral disc degeneration has also 
been observed, however the link with intervertebral joint osteophytosis is much less 
clear (Jones et al., 1998; Kawaguchi et al,. 2002; Videman et al., 1998; Videman et al., 
2001). Jones et al. (1998) investigated allelic variation of the VDR Taq-I 
polymorphism. in an Australian Caucasian sample of 110 males and 172 females (aged 
60 years and over) in relation to lumbar degenerative disease. The results showed no 
correlation between the presence of intervertebral joint osteophytes and the Taq-1 
polymorphism. However with regards to osteophyte severity, a non-significant (P 
0.15) trend was apparent showing frequencies of 50%, 40% and 35 % with the tt, Tt and 
Tr genotypes respectively. In relation to disc space narrowing, a trend was observed 
between presence/absence and the polymorphism, although again this was not 
significant (P = 0.06). No trend was present with either the severity of disc space 
narrowing or any aspect of facet joint degeneration (ibid. ). 
Videman et al. (200 1) also examined the allele frequency of the VDR Taq-1 
polymorphism and the frequency of lumbar disc degeneration, using a Finnish sample 
of 71 male pairs of monozygotic twins aged between 35 and 69 years. Magnetic 
Resonance Imaging (MRI) was used to ascertain the presence of disc space narrowing, 
disc bulging, herniations, anular tears, osteophytes and disc signal intensity. No 
significant difference between the genotypes was observed in relation to either disc 
herniations or disc space narrowing. However, both the disc signal intensity (greater 
degeneration) (P < 0.00 1) and anular tears (P = 0.047) were significantly more frequent 
in the tt genotype (IAIL5 to L5/S 1). In contrast, disc bulges (P = 0.04 1) and 
osteophytosis (P < 0.00 1) were both significantly more frequent in the TT genotype 
(LI/L2toL4/L5). Videman etal. (2001) suggested that these conflicting results may 
indicate two different processes, with certain disc changes being more representative of 
degeneration and others, such as osteophytosis, arising frequently as a result of 
cumulative physical loading. This conclusion supports the results of the previous study 
by Videman et al. (1990) described in Section 4.2.1.3. 
Jordan et al. (2005) investigated the relationship between both lumbar disc space 
narrowing and intervertebral joint osteophytosis and the VDR Bsm-I Polymorphism in a 
British sample of 164 males and 127 females, all aged over 60 years. No association 
between disc space narrowing and the genotypes was observed. However, the results 
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did show a significant correlation between osteophyte severity and the BB genotype (P 
= 0.03). As the Bsm-1 B genotype is directly linked to the Taq-I t genotype (Jones et 
al., 1998) these results are in complete contrast to those obtained by Videman et al. 
(200 1). Jordan et al. (2005) also found a relationship between osteophyte severity and 
social class, with individuals engaged in manual work having a significantly greater 
osteophyte severity (P = 0.003). 
This latter finding makes the interpretation of the relationship between osteophytosis 
and the VDR gene in this sample more difficult. If the BB genotype is more prevalent 
in the lower socioeconomic group, its relationship with the severity of osteophytes 
could be coincidental as manual work increases the risk of osteophytosis. As shown in 
Chapter 2, low socioeconomic status has also been linked with reduced lower limb 
length, which produces a high upper to lower segment ratio and further increases the 
risk of osteophytosis. Furthermore, the BB gene could be linked to body proportion, as 
studies have shown between-population differences in segment lengths (also described 
in Chapter 2), and in the prevalence of osteophytes (Cunningham and Kelsey, 1984; 
Nathan, 1960). In any event, there appears to be little agreement between the results of 
these studies on what the genetic component is and how it affects the likely risk and 
severity of vertebral joint osteophytosis. 
The influence of genetics on vertebral degenerative change has also been investigated 
using monozygotic (MZ) and dizygotic (DZ) twins. Sambrook et al. (1999) carried out 
a MRI study using a combined British and Australian sample of 86 MZ pairs (32 males, 
140 female) and 77 DZ pairs (28 males, 126 females) aged between 31 and 80 years. 
The frequency of disc space narrowing, disc signal intensity, disc bulging and 
osteophytes were recorded for the cervical and lumbar regions. The results showed the 
effects of genetics to be most apparent in respect of disc space narrowing and disc 
bulging. No genetic influence was found regarding either disc signal intensity or 
cervical osteophytosis and only a moderate interaction with lumbar osteophytosis was 
demonstrated (ibid. ). Videman et al. (2006) carried out a longitudinal study into the 
progression of lumbar disc degeneration using a sample of 75 pairs of male MZ twins 
aged between 35 and 69 years. Degenerative indicators, which included disc space 
narrowing and osteophyte formation, were recorded using MRI scans taken at baseline 
and after an interval of five years. The results showed that over the period of the study, 
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the degree of change attributable to the influence of genetics was 56% in respect of a 
reduction in disc height, and 66% with regards to an increase in osteophytosis (ibid. ). 
Many population based surveys report an increased frequency of self reported back pain 
among Caucasians compared to other ancestral groups, particularly in relation to 
Americans of Negroid ancestry (Carey et al., 1996; Coeytaux et al., 2004; Feller, 198 1; 
Lethbridge-q, ejku et al., 2004; Lethbridge-(; ejku et al., 2005; Lethbridge-Cejku and 
Vickerie, 2005; Lucas et al., 2004; Park, 1993; Pleis and Lethbridge-(; ejku, 2006; Ricci 
et al., 2006). Unfortunately however, there are very few that have investigated actual 
signs of degenerative change. 
Nathan (1962) compared the occurrence of intervertebral joint osteophytes between two 
differing ancestral populations using documented skeletal material (age-at-death II to 
105 years). The sample was comprised of vertebral columns originating from 213 
Caucasoid (137 males, 76 females) and 133 American Negroid (67 males, 66 females) 
individuals. The distribution of anterior intervertebral joint osteophytes is shown in 
Figures 4.16 and 4.17 for the male and female samples respectively. With regards to 
the males, the percentage of osteophytes was higher for individuals of Caucasian 
ancestry at 16 of the 23 vertebral levels. Figure 4.17 shows that for all but two of the 
vertebral levels, the percentage of osteophytes was also higher in respect of the 
Caucasoid females. For both sexes the difference was greatest in the lower thoracic and 
lumbar regions (ibid. ). 
Cunningham and Kelsey (1984) investigated the prevalence of musculoskeletal 
impairments from the detailed examination component of the U. S. Health and Nutrition 
Examination Survey (HANES 11971-1975). As part of the survey the participants, who 
were all aged between 25 and 74 years, were given a complete medical assessment. 
Individuals who reported musculoskeletal problems (906 males, 1206 females) were 
further examined by a physician and radiographs were obtained in order to identify and 
diagnose the condition'. In respect of intervertebral disc degeneration there were twice 
as many cases among Caucasoid (1.2%) compared to non-Caucasoid individuals (0.6%) 
(ibid. ). 
1. No definition of disc degeneration given. 
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Figure 4.16 Percentage of anterior intervertebral osteophytes present in Caucasoid (N = 
137) and Negroid (N = 67) males (age-at-death II to 105 years) (Source: Adapted from Z- 
Nathan (1962: 247). Original Figure No. 4). 
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Figure 4.17 Percentage of anterior intervertebral osteophytes present in Caucasoid (N = 
76) and Negroid (N = 66) females (age-at-death II to 105 years) (Source: Adapted from 
Nathan (1962: 247). Original Figure No. 4). L, 
4.3 Vertebral Degenerative Joint Disease and Body Proportion 
The asymptomatic nature of vertebral degenerative joint disease has resulted in the 
majority of anthropometric studies being carried out using low back pain (LBP) 
patients. Height, weight and body mass index (BMI) are the most common parameters 
that appear in the literature, primarily due to their inclusion in more widespread studies 
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into the risk factors associated with back pain (Barnekow-Bergkvist et al., 1998; 
Kelsey, 1975; Kuh et al., 1993; Marras et al., 200 1; Pedersen et al., 1975), while only a 
limited number of investigations have focused on trunk length and lower limb length 
(Adams et al., 1999; Ebrall, 1994; Fairbank, 1984; Salminen et al., 1992; Steele et al., 
2001). However, while these studies indicate a possible association between 
anthropometry and vertebral joint disease, the relationship between pain and 
degenerative change is by no means clear. It is not unusual to find back pain referred to 
as being 'mostly of unknown cause' (Bogduk, 2000; Kilpikoski et al., 2002). Part of 
the justification for this statement originates from the results of radiographic imaging 
studies, which have clearly shown degenerative changes apparent in asymptomatic as 
well as symptomatic individuals (Boden et al., 1991; Elfering et al., 2002; Jensen et al., 
1994; Lehto et al., 1994; Schenk et al., 2006; Weishaupt et al., 1998; Witt et al., 1984). 
As a result there is little evidence, largely due to the lack of research into vertebral joint 
disease and anthropometry, to link body proportion with degenerative change. 
As has been the case with back pain research, height and body mass have also been 
included in risk factor studies relating to vertebral joint disease, particularly with 
regards to disc degeneration. Lawrence (1955) carried out an extensive investigation 
into the occupational factors relating to rheumatism in British coal miners. Radiographs 
of the lumbar spine pertaining to a random sample of male mineworkers, aged between 
41 and 50 years (N = 114), were taken as part of a wider research project. Degenerative 
disc changes were defined by disc space narrowing and the presence of osteophytes 
(Kellgren and Lawrence, 1952). The results showed that taller individuals had the 
highest levels of degenerative change as determined by the radiographs. In addition, the 
level of incapacity experienced was also larger in taller miners, although in these 
individuals their increased height was as a result of greater trunk length (no P values 
given) (Lawrence, 1955). Biering-Sorensen et al. (1985) included height, along with 
weight and body mass index, in their study into the relationship between physical 
loading and vertebral joint disease. Their Danish sample was comprised of 360 males 
and 306 females all aged 60 years. Radiographs were obtained, and the presence of 
thoracolumbar intervertebral joint osteophytes recorded. In relation to body mass, 
individuals of both sexes with osteophytosis were both heavier and had a greater BMI 
compared to those without, a difference which was significant for the female sample 
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(P = 0.0 18, P=0.023). However, no association was observed between height and 
osteophyte presence (ibid. ). 
Hassett et al. (2003) included height, weight and BMI in their longitudinal study into 
the risk factors associated with disc degeneration. Lumbar radiographs from a total of 
796 British females, aged between 45 and 64 years, were examined and the severity of 
osteophytosis graded (as defined by Lane et al. (1993)) at baseline, and again after nine 
years. The results showed a positive, although non-significant, correlation between the 
2 presence of osteophytes and a BMI greater than 30 kg m- . Increased BMI was also 
found to predict the progression of osteophytosis, although again the trend was not 
significant. No correlation was observed in relation to either height or weight (Hassett 
et al., 2003). Liuke et al. (2005) also carried out a longitudinal investigation into the 
effect of body mass on lumbar disc degeneration. A total of 129 males, aged between 
40 and 45 years, took part in the study at baseline and then again after a period of four 
years. The past history of the weight of the participants at 25 years of age was also 
recorded. Disc degeneration was graded according to MRI signal intensity of the 
nucleus pulposus. Interestingly, the risk of increased degenerative change over the four 
year period was found to be significantly related to a greater BMI at 25 years (no P 
value given) (ibid. ). 
In addition, several of the studies discussed previously in this chapter have also 
included height and body mass in their investigations. The results obtained by Oishi et 
al. (2003) showed a significant correlation between height (P = 0.006), weight (P < 
0.0001) and BMI (P < 0.0001) and mean lumbar osteophyte area. Weightwasalso 
significantly associated with the number of lumbar discs where osteophytes were 
present (P = 0.042). ONeill et al. (1999) found a significant correlation between 
increased BMI and osteophytosis. Their study, which examined the intervertebral. joints 
from T4/T5 to L5/S 1, found that the effect was greatest in the thoracic region (P < 
0.05). However the studies carried out by both Weiler et al. (1990) and Swanepoel et 
al. (1995) found no relationship between disc degeneration, as defined by osteophytosis, 
or facet joint cartilage damage and either height or weight. 
Evidence for a relationship between body mass and lumbar disc degeneration is not 
unexpected due to the increased levels of mechanical stress being placed on the joints. 
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With regards to height, the biornechanical models in the previous chapter predict that 
individual variation in segment lengths influence the amount of load placed on the 
spine, not differences in stature. It is therefore not surprising that height recorded in 
isolation does not consistently reveal a significant correlation with degenerative change, 
as the effect would be dependent on the ergonomic constraints in relation to the 
occupation of the sample population. However, the results obtained by Lawrence 
(1955) may support the biornechanical theory as the relationship between height and the 
most severe symptoms was shown to be as a result of greater trunk length. 
Further evidence towards the effect of body proportion on vertebral joint degeneration 
comes from the between-population studies discussed previously in Chapter 2 and 
Section 4.2. One of the main differences that have been observed is the ratio between 
the length of the upper and lower body segments. Individuals of Negroid ancestry 
typically have long lower limbs and short trunks, which is classed as a low sitting height 
to stature ratio (SHSR), compared to Caucasoid individuals, who have relatively short 
lower limbs and long trunks (a high SHSR) (Azinge et al., 2003; Chumlea et al., 1998; 
Gilsanz et al., 1998; Hamill et al., 1973; Krogman, 1970; Nyati et al., 2006; Shaffer et 
al., 2007). The biomechanical models presented in Chapter 3 therefore predict that 
Caucasoid individuals would experience higher levels of force on the joints of the 
vertebral column during postural change, particularly in relation to mechanical 
handling, compared to individuals of Negroid ancestry. Because greater levels of 
mechanical stress have been shown to be a risk factor for vertebral joint disease, a 
difference in the frequency of back disorders between the populations would also be 
expected, and as shown in Section 4.2 there is some evidence to support this. 
As previously mentioned, the population based surveys do show a higher prevalence of 
back pain among Caucasians compared to Americans of Negroid ancestry (Carey et al., 
1996; Coeytaux et al., 2004; Feller, 198 1; Lethbridge-Qejku et al., 2004; Lethbridge- 
C, ejku et al., 2005; Lethbridge-qejku and Vickerie, 2005; Lucas et al., 2004; Park, 
1993; Pleis and Lethbridge-qejku, 2006; Ricci et al., 2006). However, the best 
evidence for degenerative change comes from the research carried out by both Nathan 
(1962) and Cunningham and Kelsey (1984), which shows increased levels of disc 
degeneration in Caucasians compared to American Negroid individuals. The study by 
Nathan (1962) is of particular relevance as it revealed that the largest variation in 
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osteophyte frequency was in the lower thoracic and lumbar regions, which is where the 
difference in trunk length to lower limb length ratio would be expected to have the 
greatest effect. These between-population prevalence investigations, along with the 
research into body proportion and ancestry, may also explain some of the genotypic 
associations described in Section 4.2 
Although the majority of studies were carried out in the United States, it cannot be 
ignored that there are undoubted differences in the socioeconomic status between ethnic 
groups. Risk factor studies have shown that low income groups report higher levels of 
back disorders compared to those who are more affluent (Bergenudd and Nilsson, 1988; 
Dionne et al., 200 1; Heli6vaara et al., 1987; Koster et al., 2004; Kristjansdottir and 
Rhee, 2002; Miech and Hauser, 200 I; Viikari-Juntura et al., 199 1). As some American 
Negroid communities have been shown to have low socioeconomic status, it might be 
expected that this would increase the amount of back disorders reported in these groups 
(Conley and Yeung, 2005; Freeman, 2000; Hunter, 1998; Iceland and Wilkes, 2006; 
Lemelle, 2002; Loury, 1998; Loury, 2000; Roscigno, 1999). In reality this appears not 
to be the case, which may well be a direct result of their genotypic body proportion, a 
low upper to lower segment ratio value. However, an alternative genetic explanation 
cannot be ignored. As shown in the previous section, numerous genes have been linked 
with joint degeneration, one or more of which may explain the above between- 
population disparity in vertebral joint pathology. 
Unfortunately, the largest body of evidence to date in relation to the affect of body 
proportion on back disorders originates from the aforementioned back pain research. 
Although the results from several of these studies support the biornechanical theory 
behind spinal loading in relation to pain, the majority have not investigated whether or 
not vertebral joint degeneration was the underlying cause. While this study cannot link 
skeletal changes to pain, it can directly measure the relationship between osteophyte 
prevalence and specific aspects of body proportion with respect to the biornechanical 
models described in Chapter 3. However, there is little doubt that pain can originate 
from structures pertaining to both the intervertebral and facet joints (Burke et al., 2002; 
Coppes et al., 1997; Lamer, 1999; Lewinnek and Warfield, 1986; Mooney and 
Robertson, 1976; Schwarzer et al., 1994). Furthermore, although degenerative change 
has been shown to be present in asymptomatic individuals, a significant relationship 
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between the presence and severity of degeneration and back pain has been observed 
(Biering-Sorensen et al., 1985; Carrera, 1980; Faccia and Williams, 2007; Frymoyer et 
al., 1984; Inaoka et al., 2000; Iwamoto et al., 2004; Kjaer et al., 2005; Lawrence, 
1969a; Lewinnek and Warfield, 1986; Luoma et al., 2000; Marchiori and Henderson, 
1996; O'Neill et al., 1999; Peterson et al., 2000; Phillips et al., 1986; Pye et al., 2004; 
Riihimdki et al., 1989; Rudy et al., 2007; Sakai et al., 2007; Symmons et al., 199 1 a; 
Symmons et al., 199 1 b; Torgerson and Dotter, 1976; Videman et al., 2003). 
4.4 Summary 
Evidence suggests that vertebral joint osteophytosis is a process initiated in response to 
mechanical stress, either as a result of increased load transmission and / or instability. 
Osteophytes generally appear earlier, and in the majority of cases occur more 
frequently, than other signs of vertebral joint degeneration. Intervertebral joint 
osteophyte prevalence in the general population ranges between 14 and 50 percent, and 
they most frequently occur where the curvature of the spine is tangential to the vertical 
in each vertebral region (C6, T9 and 1A). 
Compared to the general adult population, the prevalence of intervertebral joint 
osteophytosis in those aged >50 years is generally much greater, and ranges between 
approximately 50 to 90 percent. This higher frequency has been attributed to cellular 
level changes associated with senescence. However, the occurrence of intervertebral 
joint osteophytes in younger individuals also suggests the influence of lifetime 
cumulative mechanical loading. 
In respect of sex, intervertebral joint osteophyte prevalence is typically greater in males 
of all ages and at all vertebral levels. Once again this phenomenon is almost certainly 
as a consequence of mechanical loading due to between-sex differences in occupation 
and lifestyle. With regards to mechanical loading, individuals working in occupations 
that require high levels of manual handling and forward flexion have been shown to be 
at the greatest risk of developing intervertebral joint osteophytosis. The prevalence data 
therefore supports the hypothesis that vertebral joint osteophytes are associated with 
mechanical stress, and substantiate the predictions of the biomechanical models, which 
show an increase spinal loading associated with manual handling activities. 
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An association between our genes and the development of degenerative joint disease has 
been firmly established, although it is not yet understood how this affects the formation 
of vertebral joint osteophytes. Furthermore, investigations into the heritability of 
vertebral joint degeneration, using monozygotic (MZ) and dizygotic (DZ) twins, have 
produced inconclusive results. However, between-population studies have identified a 
possible link between ancestry and intervertebral joint osteophytes, with a greater 
frequency being observed among Caucasoid individuals compared to those of Negroid 
ancestry. 
While the results of back pain studies lend support to the biornechanical models in 
Chapter 3, the unreliable nature of pain limits their usefulness as evidence for a 
relationship between vertebral joint pathology and body proportion. Degenerative 
changes to the lumbar intervertebral joints have been shown to be associated with both 
height and body mass, the latter of which substantiates the role of mechanical stress in 
the development of osteophytes. However, none of the studies have considered the 
affects of upper and lower body segment measurements. The aforementioned between- 
population difference in the prevalence of vertebral joint degeneration does lend support 
to the biomechanical models, in relation to differences in body proportion, as 
Caucasians typically have a longer trunk and shorter lower limbs compared to Negroid 
individuals. 
In order for this research to investigate the possible effect of each segment component 
using skeletal material, each representative skeletal element length needs be taken into 
account. In addition, both composite and ratio variables are required in order to 
examine any association between body proportion and vertebral joint osteophytosis. 
This methodological approach, along with the grading of vertebral joint osteophytes, is 
detailed in the following chapter. 
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CHAPTER 5- MATERIALS AND METHODS 
The environmental and genetic factors influencing body proportion, the biomechanics 
of spinal loading and vertebral joint degeneration have all been discussed in the 
previous chapters. This has provided the necessary context from which to investigate 
the relationship between vertebral joint osteophytosis and body proportion 
biomechanics. Chapter 5 describes the materials and methods employed in order to 
carry out this investigation. The archaeological collections comprising the research 
sample are described in Section 5.1 while the methods, data recording system, pilot 
study and statistical analyses are shown in Sections 5.2 through 5.6. 
5.1 The Archaeological Sample 
The archaeological samples used in this investigation were documented individuals 
from two post medieval sites; the Kingston upon Thames Quaker burials, housed at 
Bournemouth University and the Christ Church, Spitalfields collection, housed at the 
Natural History Museum. The samples were chosen because they are contemporary 
with each other and are made up of individuals of North West European origin whose 
sex, age-at-death and socioeconomic status are known from historical evidence. 
Although a greater number of individuals are contained within undocumented samples, 
the justification for the inclusion of these particular collections is based on the following 
research, which has previously demonstrated that: 
9 Vertebral joint osteophytes correlate with age (Frymoyer et al., 1984; Lawrence, 
1969a; O'Neill et al., 1999; Peterson et al., 2000; Pye et al., 2004; Sakai et al., 
2007; Torgerson et al., 1976) 
9 Skeletal measurements correlate with age-at-death in archaeological populations 
(Gunnell et al., 200 1; Kernkes-Grottenthaler, 2005) 
* Sexual dimorphism is apparent in human body proportion (Cole, 2000b; Holden and 
Mace, 1999; Kuh et al., 1991) 
9 Socioeconomic status correlates with height (Kuh etal., 1991; Salvatore, 2004) 
o Body proportion differs depending on ancestry (Chumlea et al., 1998; Eveleth and 
Tanner, 1991; Silventoinen, 2003) 
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Without having an actual record of sex, age-at-death and social status, it would not be 
possible to accurately calculate the strength of the relationship between these and the 
other parameters under investigation. 
Individuals from the documented collections were included in the research sample 
where there was available a minimum of one measureable femur and at least 50% of the 
vertebral column remaining. Ideally only individuals with complete measurable skeletal 
elements for all the parameters required would have been employed. However, this 
would have resulted in a small sample size, which would be of little use under vigorous 
statistical analyses, as there was a high degree of variation in the condition of the 
material from complete, perfectly preserved to very fragmented individuals. In some 
cases the extensive post-excavation handling of the collections had also resulted in post 
mortem damage. Material was excluded from the research sample where there was no 
age-at-death or sex recorded and where there was evidence of extreme pathological 
change, for example in the case of ankylosing spondylitis, diffuse idiopathic skeletal 
hyperostosis (DISH) and severe osteoporosis. 
5.1.1 The Christchurch, Spitalfields Collection 
Excavation of the Christchurch crypt at Spitalf ields, which came about as a result of 
church restoration work, began in 1984 and took almost two years to complete 
(Molleson and Cox, 1993). A total of 968 burials were disinterred, from which coffin 
plate data revealing name, age-at-death and sex were available for 383 individuals. The 
named sample were all interred in the crypt between 1729 and 1852 (ibid. ). Many of 
the Spitalfields inhabitants originated from French Protestant refugees (termed 
Huguenots) who had fled from persecution, due to the revocation of the Edict of 
Nantes' in 1685, and established themselves in and around the east end of London 
(Kean and Wheeler, 2003; Kerridge, 1985; Mitchell et al., 1840; Williams, 1972). The 
majority of the local population during this period worked in the silk weaving industry. 
However, as with any community, there was a wide range of occupations represented by 
those buried in the Christchurch crypt (Cox, 1996; Molleson and Cox, 1993). Table 5.1 
displays a range of typical occupations of the documented sample by socioeconomic 
status along with the percentage of individuals within each group. Although artisans 
made up the largest working group over the period of interment, as a result of changes 
1. Religious freedoms, which had been allowed under the Edict of Nantes of 1598, were no longer 
tolerated after it was revoked (Molleson and Cox, 1993). 
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in economic fortune the percentage ofindividuals in each profession had not remained 
static. The distribution by socioeconomic group is split by the period during which 
interment occurred (ibid. ). 
Table 5.1 Range of occupations by socioeconomic status including percentage per 
group (Source: Adapted from Molleson and Cox (1993: 98). Original Table No. 6.6). 
Socioeconomic Percentage 
Group Occupation of sample (N = 236) 
Artisans Laborer, shopkeeper, journeyman 47.9 
Master Craftsmen Cabinet maker, goldsmith, master weaver 31.8 
Professionals Banker, barrister, coroner, surgeon, 11.0 justice of the peace, notary, rector 
Merchants Builders merchant, silk merchant 4.2 
Wholesalers Seller of goods to retail trades 2.5 
Gentlemen Individuals of independent wealth 2.1 
Figure 5.1 shows that while the majority of individuals that died in the 18' h Century had 
been master craftsmen, the opposite was true for the I 91h Century, where artisans were 
the largest socioeconomic group (Cox, 1996; Molleson and Cox, 1993). When looking 
at the types of occupation listed in Table 5.1 it would be fair to assume that Nvhilst not 
exclusively, the level of physical work associated with each profession would have 
declined the higher the socioeconomic group. Individuals belonging to the artisan 
group, which included silk winders, silk throwsters, dyers and journeymen silk weavers, 
would have undoubtedly performed a high level of manual labour (GuIllery, 2004). 
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Figure 5.1 Percentage of Spitalfields sample by period and socioeconomic "roup (N 
236) (Source: Adapted from Molleson and Cox (1993: 98). Original Table No. 6.6)1. 
1. Figure 5.2 created using tabulated data from MolIcson and Cox ( 1993). 1 
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Some ofthe individuals in the craftsmen group were master weavers, and althOLloh they 
would have been required to \vork at the loom dLirin- their apprenticeship, which lasted 
for at least seven years, once they reached master status this would, for niany 
individuals, no lon-er have been the case (Cox, 1996: Molleson and Cox, 1993). I- 
In support ofthe weavers there were numerous ancillary workers, which included the 
silk winders and throwsters (Porter, 1832-, Stern, 1956). The throwint, process involved 
the silk strands initially being wound onto reels before eventually being, combined and 
twisted to produce a thread strong enough to be used on the loorn. In the nia . jority of' 
cases the machinery involved was operated manually, usually by the wives and children 
ofJourneyman (Kerridge, 1985, Stern, 1956). Many of these supporting activities were 
perfOrmed while seated, with the women and children required to adopt a flexed posture 
in order to carry out the work (Lowry, 2008). Before weaving, could commence, thrown 
silk was wound on to a warping frame before being drawn offand mounted oil the loorn 
(Figure 5.2). Although setting Lip the warping frarne ývas a skilled 'ob, undertaken by 
either a master weaver or experienced journeyman, the manual turnino ofthe warping ý71 I- 
Figure 5.2 Woman operating an 18 111 Century warping machinc (Source: Adapted from C- I- 
Lowry (2004: 12 1). Original Figure No. 6.2). Z, 
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machine was again carried out by women and children (Kerridge, 1985). 
Many ol'the weaver's sons I'Ollmved thern into the Industry and began by winding quills 
0'rom around the age of' five years) bet'Ore progressino to work on the loorn its it draw 
boy. The boys began to weave at the loom 1'rom 14 years ol'ape, starting with plain 
cloth bel'ore eventually taking oil more figurative work I'rorn the aoe of' 18 years (Fi"Ure 
5.3). Journeymen weavers spent all their \vorking, lives at the loorn. They normally 
worked 12 hours 1'rom Monday to Saturday, although it was not unusual l7or thern to 
work up to 16 hours it day it'it was required (Mitchell et al., 1840-, Williams, 1972). 
Figure 5.3 Engraving by Hooarth showin(I Spitall'ields silk weavino (Som-ce, Adapted 
from Tate Bntam (2007). Original Plate No. I 
A JOUrneynian weaver was deerned to require reasonable strength in order to carry out 
his profession on a full time basis (Campbell, 1747), The weaver generally worked in a 
standing position, although sorne loorns had a board behind the weaver in order to press 
against, which was presurnably I'Or leverage (Collinowood, 2008). A standing / serni- C- Z71 
standing posture allowed the depression ofthe treadles to be facilitated hy tile body 
\vei,,,, ht ofthe weaver, as substantial force would have been needed to lift the ýal-IOLIS LI 
mechanisms involved in the process (Coll ingwood, 2008. Porter, 1832). With re,, ards 
to the upper body, the type ofdrawloorn in the SpItalfields silk industry required the 
weaver to work in a flexed position, with their stornach purportedly pressed into the 
machine, which was thought to have inhibited normal respiration (Collin-wood, 2008, 
Kerridge, 1985, Mitchell vt al., 1940). Working the loorn also required one hand to Z71 -- 
1. Retei-ctice taken froni Taic Gallcry 110 P, 1zýic litillibei- aNikilithie. el 
100 
move repeatedly laterally, working the fly shuttle mechanism, while the other hand 
drew the batten inwards after the beating of the weft had taken place. This combination 
of limb movement and flexion of the spine would, therefore, have exerted considerable 
force on the back, neck and shoulders of the weaver (Collingwood, 2008; Lowry, 2004; 
Lowry, 2008). The profession would have also 'required the frequent lifting and 
carrying of the warping beam, the cones of yam and the finished product (Lowry, 2004; 
Lowry, 2008). 
Further insight into the health of workers in the silk industry can be determined from the 
records of the French Protestant Hospital, which was founded in the early 18 th Century, 
and from the 1840 royal commissioners report on hand loom weaving. The registers of 
the hospital detail a wide range of ailments suffered by the Huguenot descendents who 
worked in the silk industry in and around the Spitalf ields area. In fact, the records lend 
some evidence in support of the above ergonomic descriptions. Asthma is frequently 
mentioned as a complaint in the hospital records, showing that many Journeyman 
weavers did indeed suffer from breathing difficulties (Marmoy, 1977a; Marmoy, 
1977b). In addition, rheumatism and arthritis are repeatedly mentioned as a general 
entry in the register. More specifically, rheumatism of the hands, one or both upper 
limbs and one or both lower limbs are also commonly recorded. Interestingly, 
numbness, paralysis, weakness and pain occurring in the upper and / or lower limbs are 
also common entries in the register. 
Although it is not possible to associate any of these ailments directly to the 
biornechanical effects of working in the silk weaving industry, they are symptomatic of 
both repeated long term use of the limbs, and vertebral joint pathologies (Atlas et al., 
200 1; Gamperiene and Stigum, 1999; Green, 1977; Young et al., 1989; Young et al., 
1995). The 1840 report also describes the health of the silk weaving population. Most 
notably it describes the journeymen weavers as being particularly diminutive, and as a 
consequence unable to withstand common diseases such as cholera, which was apparent 
in 17 th and 18 th Century London (Mitchell et al., 1840). This propensity to illness could 
have been equally as a result of the inadequate sanitation of the period, combined with a 
poor working environment, as much as a consequence of the weavers body size 
(Hickson, 1840). 
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5.1.2 The Kingston upon Thames Quaker burials 
The excavation of the Quaker burial ground at Kingston upon Thames, due to 
residential development, began in August 1996 and lasted for a period of ten weeks 
(Bashford and Pollard, 1998). A total of 360 individuals were disinterred from the site, 
from which the age-at-death and sex was determined from coffin plates for 16 of the 
burials (ibid. ). From this documented sample, seven were available for study, five of 
which were included in this research. All five individuals were interred during the 
period 1744 to 1792 and were presumed to have had a high socioeconomic status, being 
members of the same family group that included a former member of parliament and 
Mayor of London (Bashford and Pollard, 1998; Bashford and Sibun, 2007; Hoppit, 
1990). 
5.1.3 The Total SamPle 
The selection criteria resulted in a total sample of 131 individuals, 126 from 
Christchurch, Spitalfields and five from the Quaker Burials, Kingston upon Tbames. 
The distribution of individuals by age-at-death range and sex for each sample is shown 
in Table 5.2, and the percentage of the total sample by age-at-death group is displayed 
in Table 5.3 and Figure 5.4. 
Table 5.2 Range of age-at-death and sex distribution of the archaeological sample. 
Sample Age-at-death (years) Male Female Total 
Quaker Burials 23-94 3 2 5 
Christ Church 23-91 55 71 126 
Total Sample 23-94 58 73 131 
Table 5.3 Number and percentage of the sample by age-at-death group in years. 
Age-at-death 
group (years) 
Number of 
Individuals 
Percentage 
of sample 
21-30 11 8.40 
31-40 18 13.74 
41-50 15 11.45 
51-60 31 23.66 
61-70 32 24.43 
71-80 17 12.98 
81-90 5 3.82 
91-100 
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Figure 5.4 Percentage of total sample by age-at-death group in years (N = 58 males, 73 
females, age-at-death range 23 to 94 years) (N = 13 1). 
5.2 Methods 
In order to investigate the relationship between body proportion and vertebral joint 
degenerative change a series of metric and non metric measurements were recorded. 
Measurements relating to the Kingston upon Thames Quaker Burials were recorded in 
the Juliet Rogers Laboratory at Bournemouth University while data pertaining to the 
Christchurch, Spitalfields collection were recorded in the Anthropological Laboratory at 
the Natural History Museum, London. Each individual was laid out in anatomical 
position to facilitate a complete assessment of the skeletal remains before data recording 
commenced. 
5.2.1 Recording of the Metric Data 
The selection of measurements was dictated by the biomechanical models described in 
Chapter 3 (Table 5.4). The upper segment measurements relate to the downward 
transmission of force through the vertebral column via the properties of the lever arm 
model. The lower segment measurements are primarily associated with the upward 
transmission of transient forces into the vertebral column. All appendicular 
measurements, with the exception of the femoral neck-shaft angle, condylo-diaphyseal 
angle and vertebral body posterior sagittal height, were taken using the standards I- 
103 
employed by Buikstra and Ubelaker (1994). The femoral neck-shaft angle was 
ascertained in accordance with Taylor and Resnick (2000). However, due to the 
investigation employing skeletal material, as apposed to living individuals, a radiograph 
was not required. The image was obtained using a tripod mounted digital camera, 
which was subsequently printed to allow measurement of the angle. The condylo- 
diaphyseal angle and vertebral body posterior sagittal height were calculated using the 
methodology detailed in Singh and Bhasin (1989). Where available, measurements 
were taken from both left and right sides in order to increase the sample size. A detailed 
methodology relating to the measurement of the metrical data is provided in Sections 
5.2.1.1 through 5.2.1.8. All measurements were taken using sliding calipers and 
recorded in millimetres to one decimal place unless otherwise stated. 
Table 5.4 Skeletal element metric measurements and biomechanical relevance. 
Element Measurement Biomechanical relevance 
Clavicle Maximum length Force relating to trunk size 
Anterior posterior diameter at midshaft Force relating to trunk size 
Superior inferior diameter at midshaft Force relating to trunk size 
Scapula Height Force relating to trunk size 
Breadth Force relating to trunk size 
Humerus Maximum length Length of lever arm 
Epicondylar breadth Force relating to trunk size 
Vertical diameter of head Force relating to trunk size 
Maximum diameter at midshaft Force relating to trunk size 
Minimum diameter at midshaft Force relating to trunk size 
Radius Maximum length Length of lever arm 
Sagittal diameter at midshaft Force relating to trunk size 
Transverse diameter at midshaft Force relating to trunk size 
Thoracic vertebrae Posterior sagittal height Length of lever arm 
Lumbar vertebrae Posterior sagittal height Length of lever arm 
Femur Maximum length Segment ratio 
Epicondylar breadth Force transmission area 
Maximum head diameter Force transmission area 
Femoral neck-shaft angle Force transmission area 
Condylo-diaphyseal angle Force transmission area 
Tibia Maximum Length Segment ratio 
Maximum proximal epiphyseal 
breadth Force transmission area 
Maximum distal epiphyseal breadth Force transmission area 
Calcaneus Maximum length Force transmission area 
Middle breadth Force transmission area 
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5.2.1.1 The Clavicle 
Three measurements were recorded from the clavicle and are shown in Figure 5.5. 
i. The maximum length of the clavicle was determined using an osteometric board and 
recorded to the nearest half millimetre. 
ii. The anterior posterior midshaft diameter of the clavicle. 
iii. The superior inferior midshaft diameter of the clavicle. This measurement was 
taken at a right angle to the anterior posterior midshaft dimension. 
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Figure 5.5 Superior view of left clavicle showing location of measurements (Source: 
Adapted from Buikstra and Ubelaker (1994: 79). Original Figure No. 47). 
5.2.1.2 The Scapula 
Two measurements were recorded for the scapula and are shown in Figure 5.6. 
i. The height of the scapula as measured from the inferior part of the caudal angle to 
the superior part of the cranial angle. This measurement was taken using an 
osteometric board and recorded to the nearest half millimetre. 
ii. The breadth of the scapula as measured from the centre point of the glenoid fossa on 
the dorsal edge to the middle point on the vertebral edge of the scapula spine. This 
measurement was taken using spreading calliper and recorded to the nearest half 
millimetre. 
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Figure 5.6 Posterior view of left scapula showing location of measurements (Source: 
Adapted from Buikstra and Ubelaker (1994: 79). Original Figure No. 48). 
5.2.1.3 The Humerus 
Five measurements were taken for the humerus, which are shown in Figure 5.7. 
i. The maximum length of the humerus taken from the most superior and inferior 
points of the element. This measurement was taken with the element placed 
lengthways on an osteometric board and recorded to the nearest half millimetre. 
ii. The epicondylar breadth of the humerus as measured from the most lateral position 
to the most medial position on the epicondyle. This measurement was taken using 
an osteometric board and recorded to the nearest half millimetre. 
iii. The vertical diameter of the head of the humerus is the measurement taken from the 
superior to the inferior border of the articular surface. 
iv. The maximum diameter of the shaft of the humerus is taken at the midway point. 
v. The minimum diameter of the shaft of the humerus is taken at the midway point. 
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Figure 5.7 Anterior view of left humerus showing location of measurements (Source: 
Adapted from Buikstra, and Ubelaker (1994: 80). Original Figure No. 49). 
5.2.1.4 The Radius 
Three measurements were recorded for the radius, which are shown in Figure 5.8. 
i. The maximum length of the radius taken as the distance from the uppermost 
proximal point to the most distal point on the styloid process. This measurement 
was taken using an osteometric board and recorded to the nearest half millimetre. 
ii. The anterior posterior dimension of the radius shaft at the midway point. 
iii. The medial lateral dimension of the radius shaft at the midway point. 
111 
Figure 5.8 Anterior view of left radius showing location of measurements (Source: 
Adapted from Buikstra and Ubelaker (1994: 80). Original Figure No. 50). 
5.2.1.5 The Femur 
Five measurements were recorded for the femur and are shown in Figures 5.9 and 5.10. 
i. The maximum length of the femur is defined as the dimension between the most 
proximal position on the head and the most distal part of the condyles. This 
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measurement was taken using an osteometric board and recorded to the nearest half 
millimetre. 
ii. The epicondylar breadth of the femur is defined as the dimension between the medial 
and lateral extremities of the epicondyles. This measurement was taken using an 
osteometric board and recorded to the nearest half millimetre. 
iii. The maximum diameter of the head of the femur. 
iv. The femoral neck-shaft angle is the angle fonned by the axis of the shaft with the 
axis of the neck. The femur was placed on its posterior surface then rotated through 
15' to place the neck-shaft angle parallel with the table surface (Taylor and Resnick, 
2000); an image was then taken using a digital camera mounted upon a tripod. The 
measurement was obtained from the digital print of the neck-shaft angle using a 
protractor, and recorded to the nearest degree. 
v. The condylo-diaphyseal angle of the femur is the angle formed by the axis of the 
shaft and the tangent of the condyles. This measurement was taken by placing the 
femur on its posterior surface on an osteometric board with both condyles rested 
against the vertical support. A thread was placed along the centre axis of the shaft 
and the angle formed between the thread and the support was measured using a 
goniometer and recorded to the nearest degree. 
Figure 5.9 Posterior view of left femur showing location of measurements (Source: 
Adapted from Buikstra and Ubelaker (1994: 83). Original Figure No. 54). 
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Figure 5.10 Posterior view of left femur showing location of femoral neck-shaft angle 
and the condylo-diaphyseal angle (Source: Adapted from Buikstra. and Ubelaker 
(1994: 83). Original Figure No. 54). 
5.2.1.6 The Tibia 
Three measurements were recorded for the tibia, which are shown in Figure 5.11. 
i. The length of the tibia is the dimension from the proximal surface of the lateral 
condyle to the most distal point on the medial malleolus. This measurement was 
taken using an osteometric board with the tibia positioned lengthways situated on its 
posterior aspect and recorded to the nearest half millimetre. 
ii. The maximum proximal epiphyseal breadth of the tibia is the dimension between 
the most medial and lateral extremities of the proximal epiphysis. This 
measurement was taken using an osteometric board with the shaft of the tibia 
positioned vertically and recorded to the nearest half millimetre. 
iii. The maximum distal epiphyseal. breadth of the tibia is the dimension between the 
extremities of the medial malleolus and the lateral aspect of the distal articular area. 
This measurement was taken using an osteometric board and recorded to the nearest 
half millimetre. 
ii 
iii 
Figure 5.11 Anterior view of left tibia showing location of measurements (Source: 
Adapted from Buikstra and Ubelaker (1994: 83). Original Figure No. 55). 
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5.2.1.7 The Calcancus 
Two measurements were recorded for the calcaneus, which are shown in Figure 5.12. 
i. The maximum length of the calcaneus is the dimension between the posterior aspect 
of the tuberosity and the anterior aspect on the superior margin of the cuboid 
articular facet in the sagittal plane. This measurement was taken using an 
osteometric board and recorded to the nearest half millimetre. 
ii. The middle breadth of the calcaneus is the dimension between the lateral aspect of 
the dorsal facet and the medial aspect of the sustentaculum tali. This measurement 
was taken using an osteometric board and recorded to the nearest half millimetre. 
Figure 5.12 Superior view of left calcaneus showing location of measurements (Source: 
Adapted from Buikstra and Ubelaker (1994: 84). Original Figure No. 57). 
5.2.1.8 The Vertebral Column 
The posterior sagittal height was recorded for each of the thoracic and lumbar vertebrae 
and is shown in Figure 5.13. 
i. The posterior sagittal height is the dimension between the most superior border and 
most inferior border of the vertebral body on the posterior aspect. This 
measurement was taken using a depth gauge with the inferior surface of the 
vertebral body positioned on the base of an osteometric board, and was recorded in 
millimetres to one decimal place. 
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Figure 5.13 Lateral view of thoracic vertebra showing location of measurement 
(Source: The Author). 
5.2.2 Recording of the Non Metric Data 
As previously described in Chapter 4, the presence and severity of osteophytes are used 
clinically to both detect and grade vertebral degenerative joint disease (DJD) using 
radiography, computed tomography (CT) and magnetic resonance imaging (MRI), as 
they have been found to be the most frequent radiographic feature associated with the 
condition (CW et al., 1997; Kellgren et al., 1963; Lane, et al., 1993; Marchiori and 
Henderson, 1996; Mimura et al., 1994; Pathria et al., 1987; Pye et al., 2004; Seidler et 
al., 200 1; Thompson et al., 1990; Vernon-Roberts, 1987; Weishaupt et al., 1999). In 
addition, vertebral joint osteophytosis has been associated with occupational mechanical 
loading (Kellgren and Lawrence, 1952; Lawrence, 1969a; Riihimdki et al., 1989; 
Seidler et al., 200 1). For these reasons osteophyte presence and severitY has been 
employed in this study. However as previously mentioned, radiographic grading 
techniques differ greatly and typically use osteophyte size in order to assign a severity 
grade, a method which does not account for individual differences in vertebral 
dimensions. As the use of skeletal material affords greater accessibility during 
examination, the severity of osteophytosis was recorded based on the coding system 
described by Buikstra, and Ubelaker (1994) (Table 5.5). 
Table 5.5 Codes used to assign osteophyte severity (Source: Adapted from Buikstra and 
Ubelaker (1994: 122)) 1. 
Grade Description Code 
None No osteophyte present 0 
Mild Barely discernible 1 
Moderate Elevated ring 2 
Severe Extended spicules j 3 
Fused Fusion present 1 4 
1. Table 5.5 created using data from text in Buikstra and Ubelaker (1994). 
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Osteophyte severity was recorded as mild when visible outward growth from the joint I- 
boundary was apparent, as shown in Figures 5.14 and 5.15. 
Ar, 
Figure 5.14 Posterior view of right superior facet joint of thoracic vertebra showing 
osteophyte of severity grade one indicated (Source: The Author. Courtesy of 
Bournemouth University). 
pl/ 
Figure 5.15 Inferior vertebral body of thoracic vertebra showing osteophyte of severity 
grade one indicated (Source: The Author. Courtesy of Bournemouth University). 
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Moderate osteophyte severity was assigned when the formation ofa clearly defined ring 
along the joint margin was evident, as shown in Figures 5.16 and 5.17. 
Figure 5.16 Posterior view of right superior facet joint of thoracic vertebra showing 
osteophyte of severity grade two indicated (Source: The Author. Courtesy of 
Bournemouth University). 
Figure 5.17 Inferior vertebral body of thoracic vertebra showing osteophyte of severity 
grade two indicated (Source: The Author. Courtesy of Bournemouth University). 
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Severe osteophytosis was defined when outward growth resulted in the loss of the joint Zý 
margin and / or the formation of spicules as shown in Fic'Ures -5.19 and 
5.19. 
Figure 5.18 Posterior view of ri ght superior facet joint of thoracic vcrtebra showing L- -- 
osteophyte of severity grade three indicated (Source: The Author. Courtesy of 
Bournemouth University) 
Figure 5.19 Superior vertebral body of lumbar vertebra showing osteophyte of severity 
grade three indicated (Source: The Author. Courtesy of The Natural History Museum). 
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5.2.3 Age-at-Death and Sex 
A printout of the burial numbers, age-at-death and sex of the documented samples was 
provided by the Natural History Museum and Bournemouth University. Age-at-death 
was recorded as a continuous variable while sex was recorded using the numerical code 
shown below in Table 5.6. 
Table 5.6 Numerical coding used to record the sex of the documented sample. 
Grade Code 
Female 0 
Male 1 
5.3 Intraobserver Error 
To test the accuracy of the data collection methodology, all measurements were 
repeated on a randomly selected ten percent of the total sample. The reliability of the 
data recording was subsequently analysed using the appropriate statistical tests, which 
are described in Section 5.6.4. 
5.4 Data Recording System 
Data collection was achieved through the use of a bespoke recording system that 
incorporated data recording forms. The forms and accompanying guide are shown in 
Appendix 1. The completed recording forms are stored with the author. 
5.5 The Pilot Study 
A pilot study was carried out using the five named individuals from the Quaker Burials. 
The purpose of the pilot was to test both the methodology described in Section 5.2 and 
the data recording system. All data were collected and entered on recording forms 
designed specifically for the purpose of this research. The femoral neck-shaft and the 
condylo-diaphyseal angles are anthropornetric parameters that are not commonly 
utilised, evidenced by the absence of measurement techniques in anthropological 
manuals (Bass, 1997; Brickley and McKinley, 2004; Brothwell, 198 1; Buikstra and 
Ubelaker1994). For this reason these measurements were taken by both the author and 
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Dr O'Connell and were subsequently tested statistically for their repeatability. 
Problems were encountered with the layout of the data collection forms. The relevant 
modifications to the recording system were carried out and retested before 
commencement of the main data collection phase. 
5.6 Statistical Analyses 
Section 5.6 describes the statistical tests employed in this investigation. All the 
analyses were performed using the statistical package for the social sciences (SPSS) 
version 15.0.0. In order to facilitate the statistical analyses, variables were created to 
represent the metric and non metric measurements. In addition, composite and ratio 
variables were constructed to test the predictions of the biomechanical models described 
in Section 3.2. Variables corresponding to the average of each left and right 
measurement were also created. In order to maximise the size of the sample, where a 
left or right skeletal element was missing, if available, the remaining side was used in 
the analyses. With regards to vertebral joint osteophytes, in addition to the variables 
representing the five categories of severity previously described in Table 5.5, variables 
with two categories were also created to represent presence / absence (0 = presence, I= 
absence) and severity (0 = grades 0-1,1 = grades 2-4). A complete description of all the 
variables is displayed in Appendix 2. 
5.6.1 The Normality of the Data 
To find out whether parametric or non-parametric analyses would be suitable the 
variables were first assessed using a Kolmogorov-Smirnoff test. In this analyses aP 
value greater that 0.05 indicates that the data are not significantly different compared to 
a normal distribution (Dancey and Reidy, 2002; Field, 2005). 
5.6.2 Age-at-Death Distribution and Sex 
An independent samples t-test was performed in order to investigate the between-sex 
differences in age-at-death distribution. 
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5.6.3 Frequency of Vertebral Joint Osteophytes 
A number of statistical tests were performed with regards to vertebral joint osteophyte 
frequency which included: 
9 Chi-square, which was used to analyse between-sex differences in osteophyte 
presence / absence 
9 Mann-Whitney U, which was used to analyse between-sex differences in osteophyte 
severity 
* Spearman's correlation coefficient, which was used to investigate the relationship 
between intervertebral and facet joint osteophytosis 
9 Independent samples t-test, which was used to analyse the relationship between the 
presence / absence of vertebral joint osteophytes and age-at-death 
* Analysis of variance (ANOVA), which was used to investigate the relationship 
between the individual grades of vertebral joint osteophyte severity and age-at-death 
5.6.4 Interobserver and Intraobserver Measurements 
As previously described, interobserver measurements were taken for both the femoral 
neck-shaft and condylo-diaphyseal angles. In order to ascertain the validity of these 
measurements an independent samples mest was performed. The validity of the 
intraobserver measurements was established using two statistical tests. A paired 
samples mest was employed with regards to the metric measurements, and a Friedman's 
repeated measures test was used for the vertebral joint osteophyte data. 
5.6.5 Metric Variables, Age-at-Death and Sex 
Differences between the sexes with regards to the metric variables were ascertained 
using an independent samples t-test, while the relationship between age-at-death and the 
metric variables was investigated using Pearson's correlation coefficient. 
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5.6.6 Metric Variables and Vertebral Joint Osteophytosis 
Correlation between age-at-death and the metric variables was controlled for by the use 
of residual values, created for both sexes using linear regression. The relationship 
between the metric variables, along with the residual values, and osteophyte presence 
absence was investigated using an independent samples t-test. The relationship between 
osteophyte severity and the metric variables was investigated using analysis of 
covariance. In addition to the assumption of a normal distribution, the homogeneity of 
variance, homogeneity of regression slopes and linearity were all considered. The 
relationship between age-at-death and the metric variables was controlled for by using 
the age-at-death variable as a covariate. Severity was investigated by using a 
polynomial contrast and type I errors were controlled for by using the Bonferroni post 
hoc procedure. 
5.7 Summary 
The research sample was comprised of documented individuals from the Kingston upon 
Thames Quaker burials (N = males 3, females 2, age-at-death 23 - 94 years) and Christ 
Church, Spitalfields collection (N = males 58, females 73, age-at-death 23 - 91 years). 
The use of documented individuals whose sex, age-at-death and social status is known 
was essential to this research. Previous studies have shown that vertebral joint 
osteophytes correlate with age and that skeletal measurements may correlate with age- 
at-death in archaeological populations. Furthermore, studies have also shown that 
socioeconomic status correlates with height and body proportion differs depending on 
ancestry. 
A total of 24 metric measurements were recorded pertaining to the clavicle, scapula, 
humerus, radius, femora, tibia, calcaneus and vertebral body. In addition, the severity 
of intervertebral and facet joint osteophytes was recorded using the grading system 
described by Buikstra and Ubelaker (1994). The age-at-death and sex of the research 
sample was established from documented records provided by the Natural History 
Museum and Bournemouth University. With regards to intraobserver error, 
measurements were repeated on ten percent of the sample. A data recording system was 
also designed, which was comprised of data recording forms. The recording system, 
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along with the research methodology, was tested by way of a pilot study. The pilot 
study also tested the interobserver error with regards to the repeatability of the angular 
measurements, as they are atypical and not normally detailed in osteological. manuals. 
Variables relating to the metric and non metric measurements, along with composite 
and ratio variables, were created using the statistical package for the social sciences 
(SPSS). Statistical analyses were performed in relation to the normality of the data, the 
age-at-death distribution and sex, the frequency of vertebral joint osteophytes, the 
interobserver and intraobserver measurements, the metric variables, age-at-death and 
sex, and the metric variables and vertebral joint osteophytosis. Residual values were 
created to control for the correlation between age-at-death and the skeletal 
measurements. These values were then subsequently used when analysing osteophyte 
presence / absence using an independent samples t-test. When analysing osteophyte 
severity and the metric variables, age-at-death was controlled for using analysis of 
covariance. 
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CHAPTER 6- RESULTS 
This chapter describes the results of the analyses of the data, which was undertaken in 
accordance with the methodological approach detailed in Chapter 5. Section 6.1 
commences with the results of the interobserver and intraobserver analyses. The 
skeletal element distribution is described in Section 6.2, followed by the normality of 
the data and age-at-death distribution in Sections 6.3 and 6.4. Vertebral joint 
osteophyte frequency and its relationship with sex and age-at-death is presented in 
Section 6.5, while the relationship between the metric measurements and both sex and 
age-at-death are described in Section 6.6. Section 6.7 includes the results of the 
statistical tests relevant to the biornechanical models discussed in Chapter 3. For all the 
results significance is assumed if P <= 0.05. All statistical analyses have been carried 
out separately for males and females. However, data in relation to the total sample has 
been presented, where appropriate, to allow a comparison with studies that were 
reviewed in the previous chapters. 
6.1 Interobserver and Intraobserver Measurements 
The interobserver measurements pertaining to the femoral neck shaft and condyle- 
diaphyseal angles were analysed using an independent samples t-test. The results, 
displayed in Appendix 3, showed no significant difference between the observers. In 
respect of the intraobserver measurements, the results of the paired samples t-test 
showed that one out of a total of 63 pairs of metric measurement variables was 
significantly different (right femoral epicondylar breadth). The results of the 
Freidman's repeated measures test also revealed a significant difference for one of the 
74 pairs of vertebral joint osteophyte data (intervertebral joint U/S 1). In light of the 
above results, the repeatability of the data collection methodology described in the 
previous chapter was deemed satisfactory. 
6.2 Skeletal Element Frequency 
As previously described in Chapter 5, there were a total of 131 individuals in the 
archaeological sample, not all of which were complete, as shown by the skeletal 
element distribution in Table 6.1. The highest percentage of elements in the sample 
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mirrored the robusticity of the material, the long bones being the most frequent and the 
clavicle, scapula and calcaneus being the least. In addition, a complete vertebral 
column was present in approximately 90% the sample. A full list of all the case 
summaries is displayed in Appendix 4. 
Table 6.1 Percentage distribution of the skeletal elements of the archaeological sample 
(N = total 13 1, males 58, females 73, age-at-death 23 to 94 years). 
Skeletal Element % of Total Sample 
% of Female 
Sample 
% of Male 
Sample 
Femur 100.0 100.0 100.0 
Humerus 98.5 98.6 98.3 
Radius 94.7 94.5 94.8 
Tibia 92.4 94.5 89.7 
Clavicle 80.9 89.0 70.7 
Calcaneus 76.3 74.0 79.3 
Scapula 74.8 79.5 69.0 
Vertebral column 87.8 89.0 86.2 
NOTE: Where at least one appendicular element was present and a complete vertebral column 
6.3 Normality of the Data 
The nonnality of the distribution of the metric variables, along with age-at-death, was 
analysed using a Kolmogorov-Smirnoff test, the output from which is displayed in 
Appendix 5. The results showed that fewer than 10% of the variables were not 
normally distributed (males 7.6%, females 9.0%), as a result it was decided that 
parametric tests would be employed, where applicable, and caution would be used in the 
interpretation of any results for variables that were not normally distributed. 
6.4 Age-at-Death Distribution and Sex 
The total number of individuals, the age-at-death range, mean values and standard 
deviations are shown in Table 6.2. Although there were 12% more females than males 
in the sample, there was no significant difference in the mean age-at-death between the 
two groups (see Appendix 6). The percentage of the sample by age-at-death group and 
sex is displayed in Figure 6.1. Mortality was greatest in the seventh decade in respect 
of the male sample (27.6%), and in the sixth decade with regards females (24.7%). 
Although the mortality rate of males and females fluctuated in the third, fourth and fifth 
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decades, the overall percentage of deaths that occurred below the age of 50 years was 
similar for both sexes (males 32.8%, females 34.2%). 
Table 6.2 Number of individuals, age-at-death range and mean values shown by sex. ZI 
Minimum Maximum Mean Number of Standard Sample Individuals % Age at Age at Age at Deviation Death Death Death 
Male 58 44 25 94 56-14 16.03 
Female 73 56 23 87 55.70 16.70 
Total 131 100 23 94 55.89 16.35 
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Figure 6.1 Percentage of sample shown by age-at-death group and sex (N = males 58, 
females 73, age-at-death 23 to 94 years). 
6.5 Frequency of Vertebral Joint Osteophytes 
The frequency distribution for the presence / absence of vertebral joint osteophytes is 
displayed below in Figures 6.2 and 6.3. Intervertebral joint osteophytes (Figure 6.2) 
were present in 93.8% of the total sample, 91.7% for males and 95.4% for females, 
while the percentage of facet joint osteophytes (Figure 6.3) was lower at 76.8% for the 
total sample, 8 1.1 % for males and 73.6% for females. When examined by vertebral 
region, the highest percentage of intervertebral joint osteophytes occurred in the 
thoracic (total 93.4%, male 92.2%, female 94.4%) followed by the lumbar (total 70.2%, 
male 72.2%, female 68.6%) and cervical region (total 59.8%, male 60.4%, female 
59.4%). 
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Figure 6.2 Intervertebral joint osteophyte frequency for the total, male and female 
samples by vertebral region (N = total 13 1, males 58, females 73, alge-at -death 23 to 94 
years). 
In contrast, the facet joint osteophytes were more evenly distributed. The highest 
percentage again was observed in the thoracic region (total 66.4%, male 63.8%, female 
68.1 %) followed by the lumbar (total 54.5%, female 55.7%) and cervical region for the 
total and female samples (total 50.0%, female 46.9%), and the cervical (54.0%) then 
lumbar (52.8%) for the male sample. 
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Figure 6.3 Facet joint osteophyte frequency for the total, male and female samples by 
vertebral region (N = males 58, females 73, age-at-death 23 to 94 years). 
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6.5.1 Intervertebral Joint Osteophyte Frequency by Vertebral Level 
The frequency of intervertebral joint osteophytes by vertebral level for the total sample 
is displayed in Figure 6.4. The greatest percentage of osteophytes occurred at C6/C7 
(48.4%) in the cervical region, at T8/T9 (88.4%) in the thoracic and at L4/1-5 (58.3%) in 
the lumbar. Figure 6.5 shows that the frequency of osteophytes for the male and female 
samples was similarly distributed. With regards to the male sample, the greatest 
osteophyte percentage occurred at C6/C7 (50.0%) in the cervical region, at T7/T8 
(85.8%) in the thoracic and at L3/1-4 (61.4%) in the lumbar. 
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Figure 6.4 Intervertebral joint osteophyte frequency by vertebral level for the total 
sample (N = 13 1, age-at-death 23 to 94 years). 
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Figure 6.5 Intervertebral joint osteophyte frequency by vertebral level and sex (N = 
males 58, females 73, age-at-cleath 23 to 94 years). 
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In respect of the female sample, osteophyte frequency was also highest at the same 
vertebral level as the males in the cervical and lumbar regions, peaking, at C6/C7 
(47.1 %) and at 1-4/1-5 (60.6%) respectively. However, in the thoracic region orcatest Z- 
frequency occurred at T8/T9 (9 1.7%). The results of a chi squared statistical test, 
shown in Appendix 7, revealed no significant differences between the sexes in 
intervertebral joint osteophyte frequency. 
The frequency of intervertebral joint osteophytes at severity two and above is displayed 
for the total sample in Figure 6.6. While the overall pattern of distribution was similar 
to that shown for osteophyte presence / absence, albeit with smaller maximum values, 
the peaks within each vertebral region were more acute. The greatest percentaoe LI -- 
occurred at C5/C6 (38.7%) in the cervical region, at T8/T9 (65.9%) in the thoracic and 
at L5/S 1 (45.7%) in the lumbar. 
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Figure 6.6 Intervertebral joint osteophyte frequency at severity >2 by vertebral level (N 
= 13 1, age-at-death 23 to 94 years). 
Figure 6.7 displays osteophyte frequency at severity two and above for the male and 
female samples. Comparable to osteophyte presence / absence, the overall frequency at 
the higher severity followed a similar distribution for both sexes. In the cervical and 
thoracic regions, the greatest osteophyte percentage occurred at the same level as the 
presence / absence data, peaking at C5/C6 (males 42.6%, females 35.7%) and T8/T9 
(males 68.4%, females 63.9%). In the lumbar region the greatest frequency occurred at 
1-3/1-4 for the male sample (45.6%) and at L5/S I for females (49.3%). As before, there 
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was no significant difference between the sexes in relation to osteophyte frequency at 
grade two and above (see Appendix 7). 
70 
60 
50 
40 
30 
a- 20 
10 
0 
m Male 
0 Female 
Figure 6.7 Intervertebral joint osteophyte frequency at severity >2 by vertebral level 
and sex (N = males 58, females 73, age-at-death 23 to 94 years). 
6.5.2 Facet Joint Osteophyte Frequency by Vertebral I. evcl 
The frequency of facet joint osteophytes by vertebral level for the total sample is 
displayed in Figure 6.8. With regards to the cervical region, the highest osteophyte 
percentage occurred at 01 /C 1 (22.5%), while in the thoracic and lumbar regions the 
greatest frequency was at T4/T5 (39.7%) and 1-4/1-5 (45.3%) respectively. 
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Figure 6.8 Facet joint osteophyte frequency by vertebral level for the total sample (N 
13 1, age-at-death 23 to 94 years). L, 
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The frequency of facet joint osteophyte presence / absence by vertebral level for the 
male and female samples is shown in Figure 6.9. In respect of the males, the highest 
osteophyte percentage occurred at C2/C3 (25.9ck) in the cervical region, at T4/T5 
(34.0%) in the thoracic and at 1-5/S 1 (45.5%) in the lumbar. For the female sample, the 
percentage of osteophytes was greatest at 01 /C 1 (22.4%) in the cervical region, at 
T4/T5 (43.8%) in the thoracic and at L4/L5 (48.6, %) in the lumbar. As with the 
intervertebral joints, no significant difference was observed in facet joint osteophyte 
frequency between the sexes (see Appendix 7). 
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Figure 6.9 Facet joint osteophyte frequency by vertebral level and sex (N = mates 58, 
females 73, age-at-cleath 23 to 94 years). 
Facet joint osteophyte frequency at severity two and above, for the total sample, is 
displayed in Figure 6.10. Again the pattern was similar to that shown for osteophyte 
presence / absence, albeit with smaller maximum values. However, unlike the 
distribution of intervertebral joint Osteophytes at the higher severity levels, the 
maximum peaks in each region were not accentuated compared to facet osteophyte 
presence / absence. In the cervical region, the greatest percentage occurred at C3/C4 
(14.6%), while in the thoracic and lumbar regions, osteophyte frequency was highest at 
T4/T5 (27.0%) and 1-4/1-5 (32.8%) respectively. Osteophyte frequency at severity two 
and above for the male and female samples is displayed in Figure 6.11. In the cervical 
region the highest percentage occurred at C3/C4 for both groups (males 13.2%, females 
15.7%). In the thoracic region peak osteophyte frequency occurred at T4/T5, although 
the difference between the sexes was considerably greater (males 18.9%, females 
127 
0 
32.9%). In the lumbar recion, the highest percentage occurred at 1-4/1-5 in the male 
sample (30.4%) and at 1-5/S I in relation to females (38%). However, in keeping with Zý 
the previous results, there was no significant difference between the sexes with regards 
to facet joint osteophyte severity (see Appendix 7). 
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Figure 6.10 Facet joint osteophyte frequency at severity >2 by vertebral level (N = 13 1, 
age-at-death 23 to 94 years). 
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Figure 6.11 Facet joint osteophyte frequency at severity >2 by vertebral level and sex 
(N = males 58, females 73, age-at-death 23 to 94 years). 
6.5.3 Relationship between Intervertebral and Facet Joint Osteophyte Frequency 
Figures 6.4 through 6.11 show a marked difference in osteophyte distribution between 
the intervertebral and facet joints, particularly in the thoracic region. While the 
intervertebral joint osteophyte frequency was greatest at around T8/T9, the lowest value 
occurred at the same level with regards to the facet joints. In order to test the 
relationship between the intervertebral and facet joints a Spearman's correlation 
coefficient statistical test was performed. Not surprisingly, given the inverse 
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relationship apparent in the above figures, the results revealed that there was no 
correlation between intervertebral and facet joint osteophyte presence / absence at levels 
T6/T7 throu(yh TI O/T II and TI 2/L 1. However, in the cervical, upper thoracic and 2- 
lumbar regions there was a correlation between the joints (see Appendix 7). 
6.5.4 Intervertebral Joint Osteophyte Frequency and Age-at-Death 
Intervertebral joint osteophyte presence / absence, shown by vertebral region and age- 
at-death group, are displayed in Figures 6.12 and 6.131. In the cervical region there was 
a marked difference in the percentage of osteophytes with only 15.4% in the < 50 years 
group compared to 80.7% in the > 50 years sample. In the thoracic region osteophytes 
were present in 100% of individuals >_ 50 years at death and in 80.0% of those in the < 
50 years group. With regards to lumbar osteophytes, the frequency was almost twice as 
high in the > 50 years group at 82.9% compared to 45.2% in those individuals in the < 
50 years sample. Figure 6.13 shows that for the cervical (20c/(', 47.8%, 70.0%, 94.9%) 
and lumbar (52.9%, 68.0%, 78.6%, 92.3%) regions there was a linear increase in 
osteophyte frequency with the age-at-death group. In the thoracic region, osteophyte 
frequency was considerably greater, being 100% in all but the youngest age group, 
where the frequency was 80%. 
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Figure 6.12 Intervertebral joint osteophyte frequency by vertebral region for age-at- 
death group < 50 years (N = 42) and ? 50 years (N = 89) (age-at-death 23 to 94 years). 
1. Age-at-death groups allow for comparison with prevalence studies discussed in Chapter 4 
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Figure 6.13 Intervertebral joint osteophyte frequency by vertebral region and sex for 
age-at-death group 35-44 years (N = 17), 45-54 years (N = 26), 55-64 years (N =3 1) 
and > 64 years (N = 42) (age-at-death 35 to 94 years). 
Figure 6.14 shows that there was very little difference between the sexes in the 
percentage of osteophytes in each age-at-death group in the cervical and thoracic 
regions. However. in the lumbar region osteophyte frequency was noticeably greater 
for males at 52.1 % compared to females at 39.1 % in the < 50 years age-at-death group. 
When analysed statistically, the mean age-at-death was shown to be significantly greater 
in the presence of intervertebral joint osteophytosis in respect of both vertebral level and 
vertebral region for the total, male and female samples (see Appendix 7). 
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Figure 6.14 Intervertebral joint osteophyte frequency by vertebral region and sex for 
age-at-death group < 50 years (N = males 19, females 23) and ? 50 years (N = males 39, 
females 50) (age-at-death 23 to 94 years). 
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The association between the severity of intervertebral joint osteophytes and a-e-at-death 
was also tested statistically (see Appendix 7). The results showed that there was it 
significant relationship at all levels with the exception of CWT I in the total sample and 
C7/Tl, TIM. T2/T3 and T3/T4 in the male sample. However, this was undoubtedly 
due to the small sample size of the higher severity grades at these particular vertebral 
joints. Figure 6.15 shows intervertebral joint osteophytes at grade two severity and 
above by vertebral region for individuals > 50 years and < 50 years at the time of death. 
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Figure 6.15 Intervertebral joint osteophyte frequency at severity >2 by vertebral region 
for age-at-death group < 50 years (N = 42) and >- 50 years (N = 89) (aue-at-death 23 to L- -- 
94 years). 
In the < 50 years group osteophyte frequency was observed to be 7.9% in the cervical, 
50.0% in the thoracic and 14.3% in the lumbar region, while in the > 50 years group the 
frequencies were 71.2%, 90.8% and 72.0% respectively. For both age-at-death groups 
the percentage of osteophytes at the higher severity was less compared to the presence 
absence data. However, the most noticeable difference was in the thoracic and lumbar 
regions, where osteophyte frequency was reduced by approximately 3017c in the < 50 
years group. Figure 6.16 shows that at severity ?2 there was a linear increase in 
osteophyte frequency with age-at-death group for the cervical (13.3%, 31.8%, 62.1 %, 
90.3%), thoracic (53.3%, 76.0%, 89.7%, 96.9%) and lumbar (11.8%, 40.0%, 67.9%, 
87.2%) regions. As before, the percentage of osteophytes at severity >2 for age-at- 
death group was reduced compared to the presence / absence results shown in Figure 
6.13. 
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Figure 6.16 Intervertebral joint osteophyte frequency at severity >2 by vertebral region 
and sex for age-at-death group 35-44 years (N = 17), 45-54 years (N = 26), 55-64 years 
(N = 31 ) and > 64 years (N = 42) (age-at-death 35 to 94 years). 
Figure 6.17 shows the percentage of intervertebral joint osteophytes at grade two and 
above in relation to both males and females. For all three spinal regions osteophyte 
frequency was higher for the male sample in the < 50 years group, the greatest 
difference again being observed in the lumbar region (males 2 1.1 %, females 8.717c). 
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Figure 6.17 Intervertebral joint osteophyte frequency at severity >2 by vertebral region 
and sex for age-at-death group < 50 years (N = males 19, females 23) and > 50 years (N 
= males 39, females 50) (age-at-death 23 to 94 years). 
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6.5.5 Facet Joint Osteophyte Frequency and Age-at-Death 
The mean age-at-death was also significantly greater in the presence of facet joint 
osteophytes at each vertebral level and region (see Appendix 7). Figure 6.18 d splays zI 
the frequency of facet joint osteophytosis by vertebral region and age-at-death group, Z' 
the overall distribution of which is similar to that shown for intervertebral joint 
osteophytes in Figure 6.12. Once again the greatest difference in osteophyte percentage 
occurred in the cervical region with 17.9% in the < 50 years group, compared to 66.7% 
in the > 50 years sample. This was followed by the lumbar region with 28.2% in the < 
50 years sample and 66.7% in the > 50 years group. In the thoracic region, osteophytes 
were present in 47.4% of individuals < 50 years and in 75.6% of those in the > 50 years 
group. However, compared to the intervertebral joint data, the overall disparity between 
the vertebral regions in the < 50 years at death group was not as great. Facet joint 
osteophyte frequency by age-at-death group and sex is displayed in Figure 6.19. 
Although the greatest between-sex difference was also in the lumbar region, in relation 
to the < 50 years sample, in contrast to intervertebral joint osteophytosis shown in 
Figure 6.14, the highest percentage occurred in the female group (males 17.6%, females 
36.4%). 
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Figure 6.18 Facet joint osteophyte frequency by vertebral region for age-at-death group 4-1 
< 50 years (N = 42) and > 50 years (N = 89) (age-at-death 23 to 94 years). 
A significant relationship bctwecn facet joint osteophyte severity and age-at-death was 
observed at all vertebral levels, with the exception of C6/C7, TI /T2, T6/T7, T7/T8, 
T8/T9 and LI /L2 (see Appendix 7). When analysed by sex, the number of non- 
significant levels increased to 13 for the male sample and 12 in relation to females. 
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However, as before this was due to small sample sizes at higher grades of severity, 
which was particularly evident for facet osteophytes due to their low frequency. 
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Figure 6.19 Facet osteophyte frequency by vertebral region and sex for age-at-death Lý 
group < 50 years (N = males 19, females 23) and > 50 years (N = males 39, females 50) 
(age-at-death 23 to 94 years). 
Figure 6.20 shows that facet joint osteophyte frequency at grade two and above was 
reduced for both age groups compared to the presence / absence data. In the < 50 years 
group values of 2.6%, 28.9% and 22.5% were observed in the cervical, thoracic and 
lumbar regions respectively, while in the > 50 years sample, the frequencies were 
40.5%, 59.7% and 58.3%. 
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Figure 6.20 Facet joint osteophyte frequency at severity ?2 by vertebral re-gion for age- 
at-death group < 50 years (N = 42) and > 50 years (N = 89) (age-at-death 23 to 94 
years). 
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The percentage of facet joint osteophytes at grade two and above, in relation to acFe-at- 
death group and sex, is displayed in Figure 6.2 1. While there were no occurrences of Z' 
cervical osteophytes at the higher severity grades in the < 50 years fernale sample, in the Z- 
thoracic (males 17.6%, females 38.1 c1c) and lumbar (males 11.8%, females 30.4c1c) 
regions the frequency was more than double. 
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Figure 6.21 Facet osteophyte at severity >2 by vertebral region and sex for acTe-at- 
death group < 50 years (N = males 19, females 23) and > 50 years (N = males 39, 
females 50) (age-at-death 23 to 94 years). 
6.6 Skeletal Metric Measurements and Age-at-Death 
The relationship between age-at-death and the skeletal element measurements was 
analysed both visually, by plotting the gradient for each variable, and statistically, using 
Pearson's correlation coefficient (see Appendix 8). The results showed a linear 
relationship between the skeletal measurements and age-at-death for both sexes, an 
example of which, in respect of femoral length, is displayed below in Figures 6.22 and 
6.23. In relation to the female sample, 54.2% of the measurements were significantly 
correlated with age-at-death, while for males, the figure was substantially less being just 
4.2%. Although not significant, all the long bone length variables, with the exception of 
the radius, were negatively correlated with age-at-death in the male sample, while the 
corresponding variables in relation to the females showed a positive correlation. In 
light of these findings, the relationship between age-at-death and the metric variables 
was controlled for statistically, as previously described in Chapter 5. Residual values 
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were created in respect of the analyses of osteophyte presence / absence and analysis of' 
covariance (ANCOVA) was employed with respect to osteophyte severity. 
L) () - 
(D 
CM 
4() - 
30 
I11 
360 380 400 420 440 
Femoral length (mm) 
I11 
460 480 500 
Figure 6.22 Relationship between age-at-death and femoral length in the female sample 
(N = 73, age-at-death 23 to 87 years). 
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Figure 6.23 Relationship between age-at-death and femoral length in the male sample 
(N = 58, age-at-death 25 to 94 years). 
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6.7 Skeletal Metric Measurements and Sex 
Before commencement of the analyses, the relationship between the skeletal metric 
measurements and sex was ascertained using an independent samples t-test (see 
Appendix 8). The results, displayed below in Table 6.3, revealed that the mean values 
were greater for all skeletal measurements in the male sample, and that the difference 
was significant for all the skeletal measurements, with the exception of the femoral neck 
shaft angle. For this reason all the statistical tests in relation to the analyses of the 
metric data and vertebral joint osteophytosis were carried out separately for males and 
females. In addition, a Pearson's statistical test revealed a significant correlation 
between the individual skeletal metric measurements for both sexes. 
Table 6.3 Results of independent samples t-test between sex and the skeletal metric 
measurement variables (N = males 58, females 73, age-at-death 23 to 94 years). 
Skeletal 
measurement 
Sex Mean Skeletal 
measurement 
Sex Mean 
h Female 134.042 Radius transverse Female 14.233 Clavicle lengt Male 148.500 diameter Male 16.009 
Clavicle anterior Female 10.737 Female 413.586 
posterior diameter Male 12.877 
Femur length Male 445.302 
Clavicle superior Female 8.872 Femur condylo Female 78.471 
inferior diameter Male 10.665 diaphyseal angle Male 79.526 
Female 137.073 Femur epicondylar Female 71.988 Scapula height Male 156.268 breadth Male 80.572 
Female 91.670 Femur maximum Female 41.519 Scapula breadth Male 101.412 head diameter Male 47.348 
l h Female 291.652 Femur neck shaft Female 127-549 Humerus engt Male 322.094 anqle Male 127.690 
h Female 53.150 i Female 
331.131 
Humerus breadt Male 61.526 Tib a length Male 361.530 
Humerus vertical Female 39.210 Tibia proximal Female 66.359 
diameter of the head Male 45.681 epicondylar breadth Male 73.947 
Humerus maximum Female 20.164 Tibia distal Female 45.941 
diameter Male 23.351 epicondylar breadth Male 51.868 
Humerus minimum Female 16.405 Female _72.297 diameter Male 16.78-3 Calcaneus 
length Male 79.435 
Female 208.330 Femal 38.910 Radius length Male 233.791 
Calcaneus breadth Male 44 267 = 
Radius sagittal Female 10.406 Vertebral column Female 
L 
. 63 (ý6 E8.6t, 3,4 3_ 
E 
diameter Male 1 12.293 length Male F 81 . 091( 6 387.096 
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6.8 Analyses of the Metric Data and Vertebral Joint Osteophytosis 
This section presents the findings of the statistical analyses of the relationship between 
the metric data and vertebral joint osteophytosis. The results are considered initially in 
terms of the skeletal element measurements, followed by the metric variables relating to 
the biornechanical effects of body proportion, which are described separately in relation 
to both the mechanical loading ratio variables, and the locomotion ratio variables. The 
significant values for all the statistical tests relevant to this section are displayed in 
Appendix 9. 
6.8.1 Skeletal Measurements - Intervertebral Joint Osteophytes 
Analyses of the male sample showed no consistent relationship between the presence 
absence of intervertebral joint osteophytes at each vertebral level and the mean values 
of the linear skeletal measurements. However, where the difference between the means 
was significant, as shown in Table 6.4, the presence of osteophytes in the upper thoracic 
and cervical was in general associated with smaller measurements, while osteophytosis 
in the lower thoracic and lumbar was related to larger mean values. With regards to the 
angular measurements, the presence of osteophytes was typically associated with a 
larger condylar diaphyseal angle and a predominately smaller femoral neck shaft angle. 
When the analyses were repeated while controlling for age-at-death, the number of 
significant results were halved, with those remaining being mainly in the cervical and 
upper thoracic (also shown in Table 6.4). 
In contrast, the analyses of the female sample revealed that at almost every vertebral 
level, where intervertebral joint osteophytes were present, the mean values of the 
skeletal measurements were greater. This relationship was shown to be significant for 
all the linear measurements, being positive at almost every vertebral level (shown in 
Table 6.5). In respect of the angular measurements, there was no consistent relationship 
between intervertebral joint osteophytosis and either the condyle-diaphyseal or the 
femoral neck shaft angles, although in respect of the former, thoracic osteophytes were 
related to a smaller value. Adjusting for age-at-death had a much greater effect on the 
female results with almost all lumbar and cervical mean differences being no longer 
significant, along with around two thirds of those in the middle and lower thoracic. 
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With regards to intervertebral joint osteophyte severity and the skeletal element 
measurements, a linear relationship was observed at the majority of vertebral levels for 
both sexes. However, these results were particularly affected by the small number of 
individuals in each severity group. In keeping with the presence / absence results, the 
analyses of the male sample showed a similar number and distribution of significant 
values, although they were more apparent in relation to osteophytes in the cervical and 
upper thoracic. Once again, increased osteophyte severity in the upper thoracic and 
cervical was associated with smaller skeletal measurements, while osteophyte severity 
in the lower thoracic and lumbar was related to larger measurement values (shown in 
Table 6.6). In contrast to the presence / absence results, where there was only one 
significant value in respect of the atlanto-odontoid joint, osteophyte severity at this level 
was associated with smaller values for approximately half of all skeletal measurement. 
Controlling for age-at-death had less an effect on osteophyte severity compared to 
presence / absence, with the majority of results remaining significant. In addition, 
several of the results were only significant after the adjustment for age-at-death had 
taken place. 
The number and distribution of significant results in relation to intervertebral joint 
osteophyte severity in the female sample were also similar to those produced by the 
presence / absence data, with virtually all values showing a positive relationship (shown 
in Table 6.7). However, after controlling for age-at-death, increased severity in the 
cervical and upper most thoracic levels was associated with several skeletal 
measurements that were smaller. As before, after the age-at-death adjustment 
osteophyte severity in the middle and lower thoracic for the majority of results remained 
significant, although osteophytosis severity in the lower lumbar region also remained 
significant for some skeletal variables. 
in summary, in the male sample intervertebral joint osteophytosis in the lower thoracic 
and lumbar regions was related to larger skeletal dimensions while osteophytes in the 
cervical, upper and middle thoracic were associated with smaller measurements. With 
regards to females, intervertebral joint osteophytosis at all vertebral levels was related to 
larger skeletal dimensions, with the exception of increased osteophyte severity in the 
upper and middle cervical and at level TIM, which was associated with smaller 
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measurements. Controlling for the effect of age-at-death greatly reduced the number of 
significant values for both sexes. 
6.8.2 Skeletal Measurements - Facet Joint Osteophytes 
Regarding the facet joints, analyses of the male sample showed a distinct trend for 
osteophyte presence in the cervical and upper thoracic to be related to lower mean 
values while osteophytosis in the lower thoracic and lumbar regions was associated with 
larger mean measurements. Unsurprisingly, this was also reflected in the number of 
significant mean differences, which were considerably more frequent compared to the 
intervertebral joints (shown in Table 6.8). As with the intervertebral joints, the presence 
of facet osteophytes was related to larger condylar diaphyseal angle values and 
associated with smaller femoral neck shaft angle measurements. After controlling for 
age-at-death, the number of significant values were again reduced by approximately 
half, particularly in the lower thoracic and lumbar regions. 
For the female sample, the findings in relation to the facet joints were also similar to the 
intervertebral joint results, with the presence of osteophytes being associated with 
predominantly larger mean measurements. Once again there were more significant 
values (shown in Table 6.9) compared to the male sample, although not to the same 
extent as for the intervertebral joints. Controlling for age-at-death also reduced the 
number of significant results by around fifty percent. However, unlike with the 
intervertebral joints, the effect was more apparent on skeletal element measurements 
rather than a particular vertebral region. Interestingly, the significant results associated 
with the long bone length and vertebral column length measurements were not greatly 
affected by controlling for age-at-death. 
As with intervertebral joint osteophyte severity, a linear relationship was apparent 
between facet osteophyte severity and the skeletal measurements at the majority of 
vertebral levels for both sexes. However, these results were affected to an even greater 
extent by the small number of individuals in each severity group, as there were fewer 
individuals at each osteophyte grade compared to the intervertebral joints. For the male 
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sample, the distribution of the results in respect of facet joint osteophyte severity 
remained similar to that of presence / absence, albeit with fewer significant values. 
Where a significant relationship was evident, increased osteophyte severity in the upper 
thoracic and cervical was associated with smaller skeletal measurements while 
osteophyte severity in the lower thoracic and lumbar regions was related to larger lower 
limb measurements (shown in Table 6.10). Controlling for age-at-death had little effect 
on the male results, with almost all the values remaining significant. 
The distribution of the female facet joint osteophyte severity results was also similar to 
the presence / absence data, although there were fewer significant values. As with the 
presence / absence data, in the majority of cases where there was a significant result, 
increased osteophyte severity was linked to larger skeletal measurements (shown in 
Table 6.11). The most noticeable difference regarding female facet osteophyte severity 
was a two-fold increase in the number of significant skeletal measurements at L5/S I 
compared to the presence / absence results. As before, controlling for age-at-dcath 
halved the number of significant results and had little effect on the long bone length and 
vertebral column length results. 
Overall, facet joint osteophytosis in the lower thoracic and lumbar were associated with 
larger male lower limb dimensions, while osteophytes in the cervical, upper and middle 
thoracic regions were related to smaller skeletal measurements. With regards to the 
female sample, facet joint osteophytosis in the thoracic and lumbar regions was 
associated with larger skeletal measurements while osteophytes in the cervical region 
tended to be related to smaller measurement values. Once again controlling for age-at- 
death reduced the number of significant values, although not to the same extent as with 
the intervertebral joint results. 
6.8.3 Mechanical Loading Variables - Intervertebral joint Osteophytes 
The significant results with respect to intervertebral joint osteophyte presence / absence 
and the mechanical loading variable mean values are displayed in Table 6.12. With 
regards to the male sample, there were no significant results pertaining to the vertebral 
column length / upper or lower limb length ratios. However, there was a tendency for 
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intervertebral joint osteophytes to be associated with larger vertebral column length / 
lower limb ratio mean values. Osteophyte presence in the thoracic and lumbar regions 
was significantly related to larger mean values of the summated vertebral column and 
upper limb / lower limb ratios and upper limb / lower limb ratios. In addition, these 
results remained significant in the middle thoracic after controlling for age-at-death. In 
contrast, the results for the female sample showed that osteophyte presence was 
associated with predominantly smaller mechanical loading variable values, particularly 
in respect of those ratios that included vertebral column length. The results for each of 
these variables were also significant at the atlanto-odontoid joint and in the middle 
thoracic. However, after adjusting for age-at-death, the majority of the values were no 
longer significant. 
Table 6.13 displays the significant results relating to intervertebral joint osteophyte 
severity for the mechanical loading ratio variables. In keeping with osteophyte presence 
/ absence, severity was also positively related to the ratio variables with regards to the 
male sample. However, the significant results were more evenly distributed across the 
variables and appeared to be clustered around the cervical, middle thoracic and upper 
lumbar regions. After controlling for age-at-death around half of the results remained 
significant, particularly at levels CWTI, T6M and T12/Ll. Interestingly, in contrast 
with osteophyte presence / absence, none of the results relating to the upper limb / lower 
limb variables remained significant after the age-at-death adjustment. The results for 
the female sample were also similar to osteophyte presence / absence, with increased 
osteophyte severity being related to smaller mechanical loading variable values, 
although there were around twice the number of significant results, with the greatest 
increase being in the lumbar region. However, as before, after controlling for age-at- 
death few significant values remained. 
To summarise, the results showed that for males intervertebral joint osteophytosis was 
associated with larger upper segment measurements compared to the lower segment. In 
contrast, the female sample showed the reverse, intervertebral joint osteophytes being 
related to smaller upper segment measurements compared to the lower segment. 
However, very few of the values remained significant in relation to females after the 
adjustment for age-at-death. 
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6.8.4 Mechanical Loading Variables - Facet Joint Osteophytes 
Table 6.14 displays the significant results relating to the difference in the mechanical 
loading variable mean values in the presence and absence of facet joint osteophytes. 
The results for the male sample were similar to the intervertebral joint osteophyte data, 
albeit with a great number of significant values. As before, osteophyte presence at most 
vertebral levels was associated with lager variable mean values. However, the most 
noticeable exception was the presence of osteophytosis at the atlanto-odontoid joint, 
where the significant ratio values were smaller. Furthermore, after controlling for age- 
at-death these values remained significant, along with the majority of those in the upper 
and n-dddle thoracic. Once again the results for the female sample showed that presence 
of osteophytosis was related to smaller variable mean values. Similar to intervertebral 
joint osteophytosis, the significant results were predominantly in the middle thoracic. 
However, in relation to the facet joints, after the age-at-death adjustment was 
performed, the results only remained significant at T6M for each of the ratio variables 
that included vertebral column length. 
The significant results pertaining to facet joint osteophyte severity for the mechanical 
loading ratio variables are displayed in Table 6.15. In respect of the male sample, 
severity is once again positively related to the ratio variable values, being primarily 
significant for the vertebral column length / upper limb and lower limb variables. After 
controlling for age-at-death, these variables remained significant at levels C5/C6, T3/T4 
and T5/T6. For the female sample, in contrast to the presence / absence results, facet 
osteophyte severity in the upper to middle thoracic was associated with larger values for 
the mechanical loading ratio variables that included vertebral column length, which 
remained after controlling for age-at-death. Although increased osteophyte severity at 
C3/C4 and T5/T6 was linked with smaller variable values, they were no longer 
significant after the age-at-death adjustment. 
Overall, as with the intervertebral joint results, males had larger upper segment 
measurements compared to the lower segment with regards to facet joint osteophytosis, 
whereas the relationship with respect to the female sample showed the reverse. 
However, in relation to osteophyte severity, at level T2/T3 the female results were the 
same as the males, with larger uppcr segment measurements compared to the lower 
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segment, which also remained significant after controlling for age-at-death. 
6.8.5 Locomotion Variables - Intervertebral joint Osteophytes 
The significant results relating to the difference in the locomotion variable mean values 
in the presence and absence of intervertebral joint osteophytes are displayed in Table 
6.16 for the male sample. In the majority of cases, intervertebral joint osteophyte 
presence was related to smaller locomotion variable values, although some significant 
results relating to osteophyte presence in the middle thoracic, lower thoracic and lumbar 
regions were associated with larger variable means. However, none of these values, 
along with all of the results pertaining to the calcaneal length / tibial distal epicondyle 
ratio, were significant after controlling for age-at-death. After the age-at-death 
adjustment, osteophyte presence in the upper and middle thoracic regions was 
significantly associated with smaller calcaneal size to limb measurements. In respect of 
the lower to upper limb joint ratios, intervertebral joint osteophytosis at T8/T9, T91T 10 
and Ll/L2 was significantly related to a smaller tibial proximal epicondyle breadth to 
upper limb measurement after the age-at-death adjustment had been performed. 
The female results, shown in Table 6.17, differed from the males in that the presence of 
intervertebral joint osteophytes was for the most part related to larger variable mean 
values. Although there were some smaller significant values, particularly in relation to 
the calcaneal length / tibial proximal breadth, none of these results remained significant 
after controlling for age-at-death. Those values that remained significant showed 
intervertebral joint osteophytosis in the middle and lower thoracic to be associated with 
a larger calcaneal size to upper segment and limb measurement ratio, and osteophyte 
presence at C6/C7 to be associated with larger calcaneal breadth ratios. In addition, 
none of the lower limb joints to upper limb measurement ratio variables remained 
significant after the age-at-death adjustment. 
The significant results for the male sample in relation to intervertebral joint osteophyte 
severity for the locomotion ratio variables are displayed in Table 6.18. In line with the 
presence / absence data, increased osteophyte severity in the thoracic and upper lumbar 
regions was significantly related to smaller locomotion variable values. Interestingly, 
almost all of these results were only apparent after controlling for the effect of age-at- 
156 
V 
"0 
* (7 
rA 
GA 0 
ýo 
cl 
0 
(I) 
tf) 
cl 
lu 
"0 
cz 
00 
- 
E-4 IrA 
. elApuooid3 +JOI9W? 1(3 
PUGH + 1416ua-1 sniewnH 
ejApuoo1d3 jejsj(] L,! q!. L 
t4j6u8j 
uwnloo jrjq3IJ9A / t4lPeaJO 13 D 0 
mjApuoojd3 jujs1(] L,! q!. L 
alApuooid3 +J-11,90210 
PeOH + L116u, 9-1 sniownH 
I I 
oil 
ejApuoo1d3 IL'W'. XOJd L,! q!. L 
416UG-1 
uwnloo ILjq9lJGA / L11PLMS 
julApuoc)id3 IEWIXOJd uiq!. L 
ajApuo3id3 +J91E)WEI(I 
PUGH + 416UG-1 sruouinH 
/ Jal3wL'! (3 PeGH inwaj 
qIbue-1 uwnloo jeiq8IJ9A 
1919MILNO P129H inwaj 
1 
131 al 
I 
cl 
L11peeig jujApuoo! d3 PISKI 
ulq!. L / qjpu9jq snaueopo 
qlpuaie 
julApuo3ida 1'2wlxOJd 
eiq!. L / qlpLoj sneumleo 13 
Jejewel 
.0 
PUGH 
inwaj / t4jpL, 9jj3 snoueoleC) 
L116ual LI LL + .q inwo. 1 / qjpuaje snamoleo 
(3 
elApuoc)! d3 +j9jawu! (] 
P130H + qIbuo-I snjawnH 
/ L4lpLajg snamoluo 
L116ue-I snIpLlj + snjawnH 
/ qlpeeig sneumleC) 
qlBuo-I uwnloC) ILjqaljeA 
/ qjpeajj3 snaueoluo 
t4lpL, ojg jejApuoold3 PISIO 
elqlj_ / ql6ual sneumpC) 0 0 0 0 0 0 0 0 0 0 0 
41PLIGia 
jujApuoojd3 IL'wlxOJd 
I I I I 
.q _L / qj6u9j snaueopo 
J81OUIBIC] P129H 
jnwaj / t4l6ual snewoleo 
qIbue-1 LIqljL 
+ inwaj / qj6uej snamoluo 
alApuoo! d3 +J818we! (] 
P120H + qjBu9-j snjownH 61 
/ qjOual sneueopo 
qjOual snipqj + snjewnH 
/ qjýuaj snamoleo 
qj6u9-j uwnloo ILjqalJaA 
qlBual sneue3pC) 
CO L) 'ct P LO 
Co r, N CO tf) 
C14 
a C) 0 0 C) C-) 0 
c: 
? Co tu 
c -A UU -% Ae 
5 ug Irm- rt» 0 11 rn *r4 
LU 
0) CD-0-019 
>> 
. 
-, s-2 
, ro rn tu ug 
00-- 
0-4) 552 -2-gee 2 ,e *9 P >0 
., t lý «9 -ä 16 r- C> 
EE a'a 0 EE3; 
0 Cl 0 wo 
157 
M 
"a 
(A 
CA 
42 
cn 
0 
0 
0 
ýc 
. ID 
*Z 
0 
0 
0 00 
4- 
- 
r. 
0 fi 
5 cu 
u 
10 
(A 
3S 
II 
rý 
ýd Gn 
. elApuoold3 +1818WEIC 
P138H + 416U91 sruawnH 
alApuoo! d3 1LIsi(] piq! j. 
t4l6ual 
uLunloo lejqOlJ8A / qlPeOJG 
iL, lApuoo! d3 ILIsi(] ieiq! _L 
alApuoc)id3 +JOIOwL'! (] 
PaH + L116uOl sniownH 
alApuoold3_IL'WlxOJd ulq!. L 
ql6ua, l 
uwnloo ILjqOIJOA / 41PL'OJG 13 
I I I 1 
13 0 
- 
iLlApuoold3 ILwlxojd Llq! _L I . I 
1 
. 
alApuooid3 +Jeigw'2! (] 
- - 
peaH + ql6uo-l sniewnH 
I 
/ JDIGwL'! (3 P120H inwaj 
ql6ua-l uwnloo lieiqaPGA 
/ JGIOWBIG PUBH inwa_A 
E3 131 
I 1 
131 
qlpeajEl jqApuoojd3 Ilels! (] 
ulq!. L / qlpL)ajg snaueopo 
NIPLIGia 
julApuoold3 IEWIXOJd 0 
eiq! jL I t4lpeoie snaue3jeo 
J, 919LUICI(3 PUGH 
inwe qI Lilpeeig snamoluo a 
ql6ua-1 eiq!. L + 
inwo. 1 / t4lpeeig snaueoluo 
elApuoo! d3 +J848w8! (3 
PLIOH + 416UGI sniewnH 
H I I 
/ qlpeeia sneueoluo 
LilBue-I snlpuij + sniownH 
I qlpeoiEl snauvop-C) 
qlBue-I uwnloo ILjq9iJ9A 
t4lpeeig sneueoleo 
- - 
0 
I 
I I f 
qlpeeig iLlApuoo(d3 PISKI 
ul . q!. L / ql6ual snaueojeC) 
topegie 
julApuo3id3 IL'wlxOJd : o 0ý 0 0 mi al mi 
ei LL / t4l6ual snaueoleo .q 
IGIMLIM P129H 
inwaj / t4lbuol snaueopC) 
qlBua-I elq!. L + 
inwo_A / qlBuo-1 snaueoluo 
914puoold3 +J9)9wL'l(] 
PeOH + L416ual snjawnH 
/ i4l6uo-I sneumleo 
qlBual snipeij + snjawnH 
/ -4ýue-l snamon 
I I 
ol 
I 
t4lBua-l uwnloC) jejq8IJ8A 
I t4lBua-l snam3luo 0 13 
0 
r- 
C, 3 
Q 
V 
Q 
Lo 
Q 
W 
Q 
r, - 
W 
04 
-- 'It 
co 
!ý 
- 
It ý -ý 
CS, (C'), "1 fc) 3 
3 
OU 
0 
0 0 
a p- 
. 9.9 T U) U) 
> (D (D 
cis ca 
Z 
co ýE 
U) CC 
ca 4) . - CA 
m 00 
a-0 0) U) 
00 
ccc 
ZE ;E 
. 
2) 
4) U) '2 c 
a-EE-S 11 CD cd (d 
-Y -9 
M LLJ ,; (a m 
.-m-I. 
0 (D -0 -0 
A 
to US 
;3 : 3. T 
W '0 ca ýw : Ift 7E *P- -(D 4) 
a IA (a cd 
(D (D 
ID 
>> 
t 
> 
EE 
ccm 
0a0 so 
158 
death, although as before, variables that had initially showed a positive correlation did 
not remain significant after the adjustment. 
Table 6.19 displays the significant results for the locomotion ratio variables in relation 
to intervertebral joint osteophyte severity for the female sample. The distribution of the 
severity data was similar to osteophyte presence / absence, albeit with a greater number 
of significant results, particularly in relation to the lower limb joint / upper segment 
variables. However as before, the majority of these values were no longer significant 
after controlling for age-at-death. In contrast to the presence / absence results, after the 
age-at-death adjustment there were significant values remaining that were negatively as 
well as positively related to the severity gradient. Increased osteophyte severity in the 
cervical and upper thoracic regions was significantly related to smaller calcaneal length 
ratio variables, while increased osteophytosis, severity in the lower thoracic and lumbar 
were associated with larger ratio values. Conversely, increased severity in the cervical 
region was related to larger calcaneal breadth ratio variable values, while osteophytosis 
severity in the lower thoracic was associated with smaller ratio values. 
In summary, for the male sample intervertebral joint osteophytosis in the thoracic and 
upper lumbar regions was significantly related to smaller calcaneal dimensions as a ratio 
of both upper and lower segment measurements. Osteophyte presence and increased 
severity, particularly in the lower thoracic and lumbar regions, was also significantly 
associated with smaller lower limb joint size as a ratio of upper segment measurements. 
For females, intervertebral joint osteophytosis was in the majority of cases related to 
larger ratio values for all three variable groups, although none of the values remained 
significant for the lower limb joint / upper segment variables after controlling for age- 
at-death. However, osteophyte presence in the cervical and upper thoracic was 
significantly associated with smaller calcaneal length ratio variable values, while 
osteophytosis in the lower thoracic was related to a smaller calcaneal breadth with 
respect to the tibial proximal epicondylar breadth. 
6.8.6 Locomotion Variables - Facet Joint Osteophytes 
The results in relation to the significant mean values in the presence of facet joint 
osteophytosis for the locomotion ratio variables are displayed in Tables 6.20 and 6.2 1. 
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With regards to the male sample, osteophyte presence in the cervical and lower thoracic, 
particularly at T12/L I, was significantly related to smaller calcaneal length / limb 
measurement mean values, while osteophytosis in the upper and middle thoracic was 
associated with larger values for the same variable group. A similar distribution of 
results was evident in respect of the calcaneal breadth ratios, although for these 
variables there were fewer significant values. With regards to the lower limb joint 
upper segment measurement ratios, facet joint osteophyte presence in the cervical and 
middle thoracic was significantly related to smaller variable mean values, while 
osteophytosis in the lower thoracic and lumbar regions was associated with larger 
means. The exception to this arrangement was for the tibial proximal breadth / upper 
limb size variable, where the significant values were greater, and located throughout the 
thoracic region. In keeping with the intervertebral joint osteophyte results, after 
controlling for age-at-death the majority of values that were greater in the presence of 
osteophytosis were no longer significant, except for those in the thoracic region. 
For the female sample (shown in Table 6.2 1) the distribution of the calcaneal length / 
limb measurement results were similar to the male sample. Facet joint osteophytes in 
the cervical, upper thoracic, lower thoracic and upper lumbar regions were significantly 
associated with smaller ratio variable mean values while those in the in the middle 
thoracic region were related to larger variable means. Osteophyte presence at C1/C2 
was associated with a smaller calcaneal breadth / tibial distal epicondylar breadth ratio, 
although this variable was no longer significant after controlling for age-at-death. In 
respect of the lower limb joint / upper segment variables, the presence of facet joint 
osteophytes in the thoracic and in the lower lumbar region were significantly related, for 
the most part, to smaller ratio variable mean values, although the majority of these were 
only apparent after the age-at-death adjustment. 
Table 6.22 displays the significant locomotion variables in respect of facet joint 
osteophyte severity for the male sample. In contrast to the presence / absence results, 
increased osteophyte severity was predominantly associated with larger calcaneal ratio 
values. With regards to the lower limb joint / upper segment measurements, osteophyte 
severity in the upper cervical was related to larger femoral head variable ratios, while 
increased severity in the lower cervical and upper thoracic was associated with smaller 
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variable values. For the tibial joint ratio variables, facet osteophyte severity at T5/T6, 
TI O/T II and L3/L4 was related to larger variable values. 
The female significant locomotion variables for facet joint osteophyte severity arc 
shown in Table 6.23. The overall distribution of the calcaneal length ratio significant 
results were similar to the presence / absence data, with osteophyte severity in the 
cervical, lower thoracic, and lumbar regions being related to smaller variable values, 
while increased osteophytosis severity in the middle thoracic was associated with larger 
ratio values. In respect of the distribution of the calcaneal breadth variable results, facet 
osteophyte severity in the lower cervical and at T7/T8 was related to larger ratio 
variable values and increased osteophyte severity in the upper cervical, upper thoracic 
and lower thoracic was associated with lower ratio values. With regards to the lower 
limb joint ratio variables, osteophyte severity in the cervical region was linked to larger 
variable values, while increased osteophytosis severity in the thoracic and lumbar region 
was associated with smaller ratio variable values. As with the male severity results, the 
majority of values remained significant after controlling for age-at-death. 
To summarise, in general for the male sample, particularly after the age-at-death 
adjustment had been performed, facet osteophytosis in the cervical and lower thoracic 
was related to smaller calcaneal dimensions, as a ratio of upper and lower segment 
measurements, and osteophytes in the middle thoracic were associated with larger 
calcaneal ratios. Similar results were apparent with regards to the lower limb joint 
ratios, although the overall distribution of significant values was not as well dcf ined. In 
respect of females, for the most part facet osteophytes in the cervical were again 
associated with, along with the lower thoracic and lumbar regions, smaller calcaneal 
dimensions, while osteophytes in the upper and middle thoracic were related to larger 
ratio values. For the lower limb joint ratios, osteophytes in the cervical were associated 
with larger lower joint dimensions as a ratio of upper segment measurements, while 
osteophytosis in the thoracic and lumbar regions was related to smaller lower limb joint 
ratio values. 
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6.9 Summary 
The results showed no significant difference in respect of the interobserver 
measurements and two significantly different intraobserver measurements (out of a total 
of 137 pairs). With regards to the distribution of the data, less than 10% of the variables 
were not normally distributed. Furthermore, there was no significant between-sex 
difference apparent in the age-at-death distribution. 
The highest frequency of intervertebral and facet joint osteophytes was in the thoracic 
region, followed by the lumbar and cervical. Peak intervertebral joint osteophyte 
frequency occurred at C6/C7 in the cervical, T8/T9 in the thoracic and IAýL5 in the 
lumbar region. In respect of the facet joints, peak osteophyte frequency occurred at 
Ol/C1 in the cervical, T4/T5 in the thoracic and IAIL5 in the lumbar region. In 
addition, the above results revealed an inverse relation between intervertebral and facet 
joint osteophytes in the thoracic region. With regards to age-at-dcath, the mean value 
was significantly greater in the presence of both intervertebral and facet joint 
osteophytes. 
More than half of the skeletal metric measurements showed a signif icant positive 
correlation with age-at-death in the female sample. In respect of the male sample, the 
correlation between skeletal metric measurements and age-at-death was negative, 
although less than five percent of the variables were actually significant. Furthermore, 
the analyses of the skeletal element variables and sex revealed that the mean values for 
the male sample were greater for all but one of the measurements (femoral neck shaft 
angle). 
With regards to the skeletal measurement variables and vertebral joint osteophytosis in 
the male sample, both intervertebral and facet joint osteophytes in the lower thoracic 
and lumbar regions were related to larger skeletal dimensions, while osteophytes in the 
cervical, upper and middle thoracic were associated with smaller measurements. For 
the female sample, vertebral joint osteophytes in the thoracic and lumbar regions were, 
for the most part, related to larger skeletal dimensions, while cervical osteophytosis 
tended to be associated with smaller measurements, particularly in respect of the facet 
168 
joints. Controlling for the effect of age-at-death greatly reduced the number of 
significant values for both sexes. 
The mechanical loading variable results showed that for males, both intervertebral and 
facet joint osteophytes were associated with larger upper segment measurements 
compared to the lower segment. In contrast, with the exception of facet joint osteophyte 
severity at T2/T3, results for the female sample showed the opposite relationship, with 
intervertebral and facet joint osteophytes being related to smaller upper segment 
measurements compared to the lower segment. However, very few of the female values 
remained significant after the adjustment for age-at-death. 
Regarding the locomotion variables, for the male sample intervertebral joint 
osteophytosis in the thoracic and upper lumbar regions was significantly related to 
smaller calcaneal dimensions as a ratio of both upper and lower segment measurements, 
while in the lower thoracic and lumbar regions osteophytes were associated with 
smaller lower limb joint size as a ratio of upper segment measurements. For females, 
with the exception of calcaneal size / tibial proximal epicondylar breadth, intervertebral 
joint osteophytes were related to larger ratio values for all variable groups. In respect of 
the facet joints, for the male sample osteophytes in the cervical and lower thoracic were, 
in general, related to smaller calcaneal and lower limb joint values, as a ratio of upper 
and lower segment measurements, and osteophytes in the middle thoracic were 
associated with larger ratios. In respect of females, for the most part facet joint 
osteophytes in the cervical, lower thoracic and lumbar regions were associated with 
smaller calcaneal dimensions, while osteophytes in the upper and middle thoracic were 
related to larger values. With regards to the lower limb joint ratios, osteophytes in the 
cervical were associated with larger lower joint dimensions as a ratio of upper segment 
measurements, while in the thoracic and lumbar regions osteophytes were related to 
smaller lower limb joint values. 
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CHAPTER 7- DISCUSSION 
Chapter 7 discusses the results in relation to the four research aims, which are described 
below: 
To identify the biornechanical. effects of occupation on the frequency of vertebral 
joint osteophytosis in a documented archaeological population 
To identify age and / or sex related differences in body proportion in a documented 
archaeological population 
To investigate the biornechanical effects of body proportion on the presence and 
severity of vertebral joint osteophytosis in a documented archaeological population 
To identify and / or substantiate occupational and environmental trends in a 
documented archaeological population through the analyses of vertebral joint 
osteophytosis and body proportion 
7.1 Discussion of the Results 
Section 7.1 begins by outlining the limitations of the research, after which the 
discussion commences with osteophyte frequency (Section 7.1.2) and how it compares 
with the previously described prevalence studies in Chapter 4. Section 7.1.2 also 
examines the association between intervertebral and facet joint osteophytosis and 
explores these findings in the context of the clinical relationship between facet joint and 
intervertebral disc degeneration also described in Chapter 4. Section 7.1.3 discusses the 
correlation between the skeletal metric measurements and both age-at-death and sex 
respectively, while Section 7.1.4 examines the biomechanical relevance of the analyses 
of the metric data and vertebral joint osteophytosis. In the final section of this chapter 
the research findings are discussed in relation to both environmental and occupational 
factors associated with the archaeological sample and in terms of their relevance to 
historical accounts. 
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7.1.1 Research Limitations 
As discussed previously in Chapter 5, the samples used in this research were selected 
primarily because they include individuals of known age-at-death and sex. In addition, 
the samples are comprised of individuals of known socioeconomic status, who were all 
of North Western European origin. The main rationale for the use of documented 
material is based on research which has demonstrated that vertebral joint osteophytes 
correlate with age, skeletal measurements in certain archaeological populations correlate 
with age-at-death, and sexual dimorphism in body proportion exists between males and 
females (Cole, 2000; Frymoyer et al., 1984; Gunnell et al., 200 1; Holden and Mace, 
1999; Kemkes-Grottenthaler, 2005; Lawrence, 1969a; O'Neill et al., 1999; Peterson et 
al., 2000; Pye et al., 2004; Sakai et al., 2007; Torgerson et al., 1976). Research has also 
shown that variation exists in the body proportion of individuals from different ancestral 
populations and that height can be affected by socioeconomic status (Chumlea et al., 
1998; Eveleth and Tanner, 199 1; Kuh et al., 199 1; Salvatore, 2004; Silventoinen, 2003). 
The requirement therefore to use a documented sample, along with the selection criteria 
employed to meet the methodological considerations of the study, has resulted in a 
sample size of 131 individuals. Furthermore, as it was also necessary to carry out the 
analyses separately for each sex, the sample sizes that were actually used for the 
majority of statistical tests were 58 males and 73 females. Because the accuracy of 
statistical analyses is affected by sample size (Dancey and Reidy, 2002; Field, 2005), 
the number of individuals in this study limits the interpretations that can be applied to 
the results of some of the statistical tests. In particular, the analyses which included 
osteophyte severity, which being comprised of five grades, resulted in certain cases with 
only one individual in the highest severity group. The low number of individuals in the 
sample also affected the distribution of the metric data, which was shown to be not 
normal for approximately ten percent of the metric variables. 
An additional limitation to the overall size of the research sample was missing data. 
This arose through two contributory factors, the taphonomic preservation of the material 
and post excavation damage. As a result of differing conditions in the burial 
environment the skeletal material ranged from fragmented to fully preserved. Some 
burials were relatively complete, although unusable due to the extent of cortical bone 
erosion, while others had been only partially affected, resulting in a reduction in the 
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number of useful elements. Furthermore, both samples have been frequently used in 
osteological. research and as a consequence have incurred additional recent post 
excavation damage, which has also resulted in missing elements, breakage and surface 
wear from the use of measuring equipment. In addition to reducing the number of 
skeletal elements available for the purposes of recording, post-mortem damage'has the 
potential for changing the possible value of a measurement from its peri-mortem state. 
This process is particularly relevant to vertebral joint osteophytes, which are fragile and 
can easily be damaged. Unfortunately such damage could alter the perceived severity of 
the osteophyte which is subsequently recorded by the researcher. 
In respect of vertebral joint pathology, the recording of osteophytes from skeletal 
remains will invariably differ compared to using radiographically obtained images from 
living individuals. This is due to the increased range of observation afforded by skeletal 
material, which could limit the usefulness of comparing the frequency of pathology 
between different populations. Furthermore, there also exists a certain amount of 
subjectivity when assigning an osteophyte to a particular grade. However, as previously 
mentioned in Chapter 4, this limitation is not confined to osteological data collection, as 
little commonality exists in the choice of grading system found in the clinical literature. 
It is for this reason that the use of osteophyte presence / absence and osteophyte severity 
ý: 2 has been employed. This methodological approach, while not completely 
overcoming any potential differences in sensitivity, was considered to be less subjective 
than comparing severity grade alone. 
The demographics of an attritional sample have also to be taken into consideration when 
interpreting the research findings. In this study approximately two thirds of the 
individuals were over 50 years of age at the time of death. The sample therefore 
contains a large number of more elderly individuals, which may be uncharacteristic of 
the distribution of the living population at that time, and could subsequently 
misrepresent the relative osteophyte frequency. In addition, there is no way of knowing 
if the pathology apparent for these individuals, particularly those who died at a younger 
age than would be expected, is representative of a contemporary living sample. Factors 
that contributed to their death may also have affected osteophyte growth. Furthermore, 
both the reliability and applicability of historical data must also be considered. The 
degree of bias in contemporary accounts is not always discernable and may only apply 
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to conditions that were evident for a relatively short amount of time. The lives of the 
archaeological sample, however, represent a period encompassing three centuries, over 
which time both working practices and economic conditions varied considerably. 
A further limitation, particularly in light of the biomechanical nature of this study, is the 
effect of soft tissue. Muscles, tendons, ligaments, fasciae, joints and adipose tissue 
differ considerably between individuals, which would almost certainly affect the degree 
of spinal loading experienced during manual handling and cannot all be taken into 
account effectively in an osteological investigation. With regards to the metric 
measurements, the posterior sagittal height of each thoracic and lumbar vertebra was 
used to create an estimate of vertebral column length. However, differences between 
individuals regarding intervertebral disc height cannot be considered. Furthermore, any 
age related changes in vertebral body shape could also affect the efficacy of the 
vertebral measurement. 
7.1.2 Osteophyte Frequency 
The vast majority of studies that have investigated vertebral joint osteophyte frequency 
have concentrated solely on the intervertebral joints, as they have been primarily 
concerned with disc degeneration. This unfortunately has resulted in a scarcity of data 
with respect to the facet joints, with almost no clinical studies being apparent for 
comparison with the archaeological sample with the exception of one, which included 
the atlanto-axial joint. With regards to the atlanto-odontoid joint, the same dearth of 
frequency data was evident, with again only one investigation being available. In 
respect of intervertebral joint osteophytosis, although some clinical studies have 
examined osteophyte frequency by vertebral level (C2/C3 to C7/T I or T4/T5 to L5/S 1), 
most have looked solely at the lumbar region. None of the clinical studies reviewed in 
Chapter 4 examined the complete thoracic region and only two included the cervical 
region. 
The results show that cervical intervertebral joint osteophyte frequency in the 
archaeological sample was 59.8% (males 60.4%, females 59.4%). When compared to 
general population samples, this figure is higher than the studies carried out by both 
Lawrence (1969a) and Marchiori and Henderson (1996), who recorded 50% and 41.5% 
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respectively. When looking at the total sample, a higher frequency of osteophytes was 
not unexpected due to the demographics of the archaeological sample. However, 
Lawrence (1969a) did not include the upper age of the sample and Marchiori and 
Henderson (1996) provided no age range data, which makes it more difficult to directly 
compare. Potential differences in the sensitivity of osteological versus radiographic 
recording techniques can also be taken into account by examining the frequency of 
osteophyte grades ý! 2. For the cervical region the results at the higher grade show the 
frequency of osteophytosis to be 49.6% (males 50.0%, females 49.2%), which is more 
representative of the general population studies. Interestingly, when the cervical 
presence / absence osteophyte frequency of the archaeological sample is compared to 
differing occupational groups, the group with the most similar prevalence are the 
manual workers at 54% (Lawrence, 1969a). 
With regards to the lumbar region, the intervertebral joint osteophyte frequency in the 
archaeological sample was 70.2% (males 72.2%, females 68.6%). A lower prevalence 
was observed by Witt et al. (1984), whose results showed intervertebral. joint osteophytc 
frequency to be 51.3% in a general population sample aged between 20 and 80 years, 
although once again the potentially higher level of older individuals in the 
archaeological sample has to be considered. Interestingly, Inaoka et al. (2000), who 
investigated a similarly aged Japanese sample (aged 23 to 83 years), observed lumbar 
intervertebral joint osteophyte prevalence to be just 13.9% for the total sample. This 
figure is low in terms of both the archaeological sample as well as the other studies 
reviewed, which used primarily Caucasian populations, and is almost undoubtedly a 
direct result of genetics and / or lifestyle differences. The results obtained by Frymoycr 
et al. (1984) showed a similar intervertebral joint osteophyte frequency of 14.4%, 
although their sample contained only males aged between 18 and 55 years. However, 
when a similar age range is considered for males in the archaeological sample, 
osteophyte frequency is still higher at 21.1%. The results in relation to severity grades 
?: 2 show osteophyte frequency in the lumbar region to be 52.4% (males 55.6%, females 
50.0%), which once again is more comparable to the general population studies. As 
with the cervical results, when lumbar osteophyte frequency is examined by 
occupational group, a more comparable prevalence of osteophytosis is observed, with 
presence / absence in the archaeological sample being most closely aligned to the 
manual workers and miners groups (Kellgren and Lawrence, 1952; Lawrence, 1969a). 
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When analysed by vertebral level, the research findings show that the frequency of 
osteophytes at the atlanto-odontoid joint was 43%. This compares to a figure of just 
18 % obtained by Zapletal et al. (1995) in their sample aged between 20 and 90 years, 
although as before, the difference may be due to population demographics. 
Surprisingly, given the aforementioned disparity in prevalence, the frequency of 
osteophytes at the atlanto-axial joints, in both the archaeological population and the 
above sample employed by Zapletal et al. (1995), was the same at 5% (Zapletal et al., 
1997). The results show that the frequency of intervertebral joint osteophytes at each 
cervical level was considerably greater compared to the study carried out by Marchiori 
and Henderson (1996). As no age range was given, the effect of demographics may 
again be the causative factor. In respect of the level of peak cervical osteophyte 
frequency, this was similar in both the archaeological sample and the population 
investigated by Marchiori and Henderson (1996), occurring at C6/C7 and C5/C6 
respectively. 
Although no data in the literature were apparent for vertebral levels TI/T2 through 
T3/T4, levels T4/T5 through to U/S 1 are represented through the studies carried out by 
O'Neill et al. (1999) and Kramer (2006). In respect of the thoracic region, the 
archaeological data shows an intervertebral joint osteophyte frequency of 74.4% at 
T4/T5, which rises to a peak of 88.4% at T8/T9, before decreasing to 63.8% at level 
T12/Ll. Although the distribution is similar, these values are substantially greater than 
the frequencies reported in the general population studies. This is in spite of the fact 
that the age range of the population employed by O'Neill et al. (1999) was between 50 
and 79 years, and if the > 50 years age group is considered using the results obtained by 
Kramer (2006). Once again differences in the sensitivity of recording pathology using 
osteological and radiographic techniques can be taken into consideration. However, 
even at the severity grades ý: 2 the frequencies are still greater, being 4 1.1% at T4/T5, 
which is approximately 10 times the results of O'Neill et al. (1999) and three times 
Kramer (2006), rising to a peak of 65.9% at T8/T9, which is double O'Neill et al. 
(1999) and Kramer (2006), and 29.1% at level T12/Ll, which is around three times the 
values observed in the general population studies. While demographics once again 
undoubtedly contribute in part to the higher frequencies observed in the research 
sample, other factors must account for such large differences when comparing similarly 
aged populations. As shown with the cervical and lumbar region osteophyte 
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frequencies, the values observed in the archaeological sample are most similar to 
modem studies when occupation is taken into account. As the investigations by O'Neill 
et al. (1999) and Kramer (2006) were both carried out using general population 
samples, this may well explain the large variation when comparing osteophyte 
frequency. 
7.1.2.1 Vertebral Joint Osteophyte Frequency and Age-at-Death 
The results of the Pearson's statistical test show a strong association between age-at- 
death and the presence of both intervertebral and facet joint osteophytes. For both sexes 
there was a significant correlation between osteophytosis and age-at-death at the 
majority of vertebral levels, which was not unexpected. The results of the Pearson's 
test were substantiated by both the independent samples t-test, which show the mean 
age-at-death to be significantly greater in relation to the presence of intervertebral joint 
osteophytosis, and the results of the ANOVA, which show age-at-death to be 
significantly related to osteophyte severity. These findings are in agreement with 
radiographic studies that included age in their analyses and identified it as a risk factor 
for the presence of intervertebral joint osteophytes, disc degeneration, and degeneration 
of the facets (Frymoyer et al., 1984; Lawrence, 1969a; O'Neill et al., 1999; Peterson et 
al., 2000; Pye et al., 2004; Sakai et al., 2007; Torgerson et al., 1976). 
Intervertebral joint osteophyte frequency in the cervical and lumbar regions by age-at- 
death group can be compared with the results of the clinical investigations. Cervical 
intervertebral joint osteophyte frequencies in the archaeological sample for the age-at- 
death groups 35-44,45-54,55-64 and > 64 years were shown to be 20%, 47.8%, 70.0% 
and 94.9% respectively. Not surprisingly, with each successive age-at-death group a 
substantial increase in cervical osteophyte frequency is observed. Similar results, albeit 
with higher frequencies in the first three age groups, were obtained by Lawrence 
(1969a) with frequencies of 33.5%, 63.2%, 77.1% and 88.3% respectively. The 
research sample osteophyte frequencies in the lumbar region, for the same age-at-death 
groupings, were 52.9%, 68.0%, 78.6% and 92.3%. Once again the frequency of 
osteophytosis increases with each age-at-death group, being comparable to the results 
shown by Lawrence (1969), which were 45.7%, 64.4%, 74.4% and 83.6% respectively. 
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The above results, along with the statistical analyses, confirm age-at-death as a risk 
factor for vertebral joint osteophytosis in the archaeological sample. 
7.1.2.2 Vertebral Joint Osteophyte Frequency and Sex 
The results show that the frequency of osteophytes at each vertebral level and region 
was comparable for both males and females. This similarity in distribution was 
confirmed by the statistical analyses, which revealed that there was no significant 
between-sex difference in either intervertebral or facet joint osteophyte frequency. 
These findings are in contrast to clinical studies which have shown that in general, 
cervical and lumbar intervertebral. joint osteophyte frequency is significantly greater in 
males at all ages (Inaoka et al., 2000; Lawrence, 1969a; O'Neill et al., 1999; Pye et al., 
2004). However, when age-at-death and severity are taken into account, a difference in 
osteophyte frequency becomes apparent in the archaeological sample. With regards to 
intervertebral joint osteophytosis, although little between-sex variation exists in the 
cervical and thoracic regions for both age-at-death groups, in the < 50 group the lumbar 
osteophyte frequency was noticeably higher in the male sample at 52.6% compared to 
39.1% for females. In relation to severity (osteophyte grade 2: 2), the frequency of 
osteophytosis in the male sample was more than double that of the females, with values 
of 21.1% and 8.7% respectively. Variation between males and females with regards to 
intervertebral joint osteophyte frequency in the < 50 group is, therefore, more akin to 
the clinical studies reviewed in Chapter 4. This finding in the archaeological sample 
may well be due to increased biomechanical loading on the spine as a result of between- 
sex differences in occupational manual handling. 
In contrast, the results in respect of facet joint osteophyte frequency show a different 
relationship. Although cervical facet joint osteophytosis was higher in males for both 
age-at-death groups, in the thoracic, and particularly the lumbar region, where the 
difference was two-fold, it was females that had the greatest frequency of degenerative 
change in the < 50 years sample (lumbar: males 17.6%, females 36.4%). When the 
severity of osteophytosis is once again considered (osteophyte grade ý: 2), the difference 
was markedly greater with female osteophyte frequency being twice as high in the 
thoracic (males 17.6%, females 38.1%) and almost three times as great in the lumbar 
region (males 11.8%, females 30.4%). As facet joint osteophytosis is commonly 
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associated with facet osteoarthritis (OA) (Pathria et al., 1987; Weishaupt et al., 1999), a 
higher frequency in the female archaeological sample might be expected. However, the 
greater prevalence of OA in females is linked in particular with endocrine changes that 
occur as a result of the menopause, and as such would be evident in the ý: 50 years 
group, which was not the case. In fact, OA prevalence is generally higher in males 
rather than females below menopausal age (Corti et al., 2002; Felson et al., 1995; 
Reginster, 2002; Roberts and Burch, 1966). It is therefore possible that the between-sex 
variation in facet joint osteophytosis is also as a result of occupation related differences 
in biomechanical loading. 
7.1.2.3 Relationship between Intervertebral and Facet Joint Osteophyte Frequency 
The results show a significant correlation between intervertebral and facet joint 
osteophytes in the cervical, upper thoracic and lumbar regions. In addition, facet 
osteophytes were, in general, less frequent at a lower age-at-death, particularly in the 
thoracic region. Furthermore, where there was a between-sex difference in osteophyte 
frequency, the difference was observed for both the intervertebral and facet joints at the 
same vertebral level. These findings support the clinical hypothesis that disc 
degeneration may have a causative role in the degeneration of the facet joints, by 
increasing the mechanical load as a result of either reduced disc height and / or joint 
instability (Dunlop et al., 1984; Yang and King, 1984). 
Conversely, in the lower cervical and middle to lower thoracic regions an inverse 
relationship was apparent between intervertebral and facet joint osteophytes, which in 
respect of levels T6M through TIOM I and TI 2/LI there was no signif icant 
correlation. These areas of maximum intervertebral and minimum facet joint 
osteophyte frequency correspond with where the curves of the cervical and thoracic 
regions are approximately tangential to the vertical. As compressive stress is also at its 
highest in these areas, this would appear to contradict the above hypothesis (Keller et 
al., 2005; Kramer, 2006; O'Neill et al., 1999; Polga et al., 2004; Pye et al., 2004; 
Standring, 2005). However, these tangential regions, when in the vertical plain, must 
also experience less shear force at the intervertebral joint when compared to other 
vertebral areas. These findings suggest, therefore, that in the cervical and thoracic 
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regions shear force at the intervertebral joint may be a greater contributory factor in 
facet joint osteophytosis compared to compression. 
7.1.3 Skeletal Metric Measurements, Age-at-Death and Sex 
The independent samples mest showed a significant difference in the majority of 
skeletal measurements between males and females. This finding was expected as a 
result of sexual dimorphism in human body proportion (Cole, 2000; Holden and Mace, 
1999; Kuh et al., 1991). The results of the Pearson's correlation coefficient statistical 
test, and subsequent analyses of the gradient, revealed a linear relationship between the 
skeletal metric measurements and age-at-death. Although the relationship was evident 
for both sexes, in the female sample 54.2% of the skeletal measurements show a 
significant correlation with age-at-death compared to just 4.2% in respect of the males. 
In addition, the majority of female measurements were positively associated with age- 
at-death, while for the most part the male measurements show a negative relationship. 
Although the link between stature and age-at-death in this sample, along with possible 
economic influences, has been previously discussed (Molleson and Cox, 1993), the 
Spitalfields individuals were, overall, generally considered to be comparatively wealthy, 
particularly in the I 8th Century (ibid. ). However, this does not explain the apparent 
difference between males and females in the skeletal measurements and age-at-death 
shown in the results, which will be discussed further in Section 7.1.5. 
7.1.4 The Metric Data and Vertebral Joint Osteophytosis - Biomechanical 
Relevance 
Section 7.1.4 discusses the results regarding the analyses of the metric variables and 
both intervertebral and facet joint osteophytosis in relation to the relevance of the 
biomechanical models described in Chapter 3. The models predict that greater loading 
of the vertebral joints will occur during flexion, extension and lateral flexion of the 
spine due to an increase in lever arm length. These predictions have been validated by 
both in vivo and in vitro investigations, which have shown greater intradiscal and facet 
joint pressure of the cervical and thoracolumbar spine during postural change, and when 
performing manual handling activities (Choi and Vanderby, 2000; Cripton et al., 200 1; 
Dunlop et al., 1984; Goel and Clausen, 1998; Marras et al., 1999; Moroney et al., 1988; 
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Polga et al., 2004; Pospiech et al.; 1999; Swanepoel et al., 1997; Wilke et al., 1999). 
Furthermore, studies have also shown a relationship between occupations which require 
high levels of manual handling and / or frequent changes of posture and the formation 
of vertebral joint osteophytes (Kellgren and Lawrence, 1952; Lawrence, 1969a; O'Neill 
et al., 1999; Riihimdki et al., 1990; Seidler et al., 200 1). 
7.1.4.1 Skeletal Measurement Variables 
A biomechanical interpretation of the effects of an individual skeletal element 
measurement on the presence and / or severity of vertebral joint osteophytosis is 
problematic. This is due to the fact that in general, any given skeletal dimension is 
relative to any other, which is confirmed by the correlation between the skeletal 
measurement variables in the archaeological sample. In other words, if greater femoral 
length is related to osteophytosis at a given vertebral level, then there is the possibility 
that any or all other measurements will also be associated with osteophytes at the same 
level. When examining the research findings this phenomenon is almost certainly 
evident. However, trends, which remained after controlling for the effect of age-at- 
death, are clearly apparent in the archaeological sample and biornechanical inferences 
can be made on the general body size of the population in relation to vertebral joint 
osteophytes. 
While the significant results appear noticeably different between males and females, 
there are nevertheless some similarities in the relationship between body size and the 
location of vertebral joint osteophytes. For both sexes, lumbar and lower thoracic 
intervertebral and facet joint osteophytosis tended to be associated with larger body 
size, while conversely, cervical osteophytes, for the most part, were related to 
individuals with smaller measurements. In the lower cervical, upper and middle 
thoracic the opposite relationship was evident for males and females. While 
osteophytosis in this region was associated with small body size in males, osteophytes 
in the female sample tended to be related to larger skeletal dimensions. However, in 
respect of the significant skeletal measurements, the effect was far more evident in the 
female sample. In addition, while the general vertebral regions of these significant 
results were similar for both intervertebral and facet joint osteophyte presence and 
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severity, facet joint osteophytosis tended to be associated with long bone length and 
vertebral column length variables. 
As previously discussed in Chapter 3, during tasks which require frequent and / or 
sustained postural change, the extent of spinal loading may be affected by body size. 
The operation of machinery of a standard design, while ergonomically appropriate for 
some individuals, may not be as suitable for others. This could, therefore, account for 
the relationship between smaller skeletal dimensions and vertebral joint osteophytes, if 
a small body size increased the degree of flexion, extension and / or lateral flexion in 
those spinal areas required by the occupational environment. The same theory is, of 
course, equally as appropriate to account for the association between larger skeletal 
dimensions and vertebral joint osteophytes, although whether the two opposing affects 
would be apparent with the same occupational conditions, albeit in differing spinal 
regions, is open to debate. However, as shown in Chapter 3, a greater lever arm length 
due to variation in trunk length and / or upper limb length would increase the load on 
the spine, which would be particularly relevant during seated work as lower limb 
differences would be negated. 
These assumptions can be discussed directly in relation to the observed variation 
between males and females when considered in terms of potential between-sex 
differences in occupational activity. With regards to the males, while there was some 
evidence for lower thoracic and lumbar vertebral joint osteophytes to be associated with 
larger skeletal dimensions, very few of these values were significant. In the majority of 
cases the results show that vertebral joint osteophytes were predominantly related to 
small male body size. This finding matches the supposition that there may have been a 
constraint in the working environment, possibly as a result of equipment size and / or 
operation. In respect of females, although cervical osteophytes were associated with a 
smaller body size, once again these values were significant in only a small number of 
cases. The results for females do however demonstrate overwhelmingly a significant 
relationship between vertebral joint osteophytes and large body size, which may 
indicate a different occupational constraint, possibly as a result of working while seated. 
The other measurements to be considered in terms of their biomechanical implications 
are the femoral neck shaft and condylar diaphyseal angles. With respect to females 
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there appeared to be no consistent relationship between vertebral joint osteophytes and 
the angular values. However, this was not the case with regards to the male sample 
results. Both intervertebral. and facet joint osteophytes were, for the most part, 
associated with smaller femoral neck shaft angle measurements, whereas in contrast, 
vertebral joint osteophytosis was related to larger condylar diaphyseal angle values. It 
is unlikely that these measurements would have any effect on spinal loading through the 
lever arm model. It is conceivable though, particularly in the case of the condylar 
diaphyseal angle, that the amount of shock reaching the spine generated by the heel 
strike would be affected, as differences in the values of these angular measurements 
would undoubtedly alter the shock absorbing properties of the lower limbs. 
7.1.4.2 Mechanical Loading Variables 
The biomechanical models predict that an increase in the length of the lever arm will 
result in a greater load being transmitted through the vertebral joints. Furthermore, 
during manual handling the length of the lever arm, and therefore the extent of the 
force, will be dependent on individual variation in body proportion. The models 
anticipate that differences in upper limb length and trunk length versus lower limb 
length, in the form of the upper to lower segment ratio, will all affect the amount of 
compressive and shear force produced when performing a lifting task. The models also 
predict that out of the three anthropometric parameters mentioned above, a greater 
relative trunk length will produce the largest increase in spinal loading. In order to 
investigate this effect in the archaeological sample, ratio variables were created using 
combinations of upper and lower skeletal element length measurements. 
The mechanical loading variable results show a stark between-sex contrast in the 
archaeological sample. With regards to males, both intervertebral and facet joint 
osteophytes were predominantly associated with greater upper to lower segment ratios, 
whereas for females, the opposite relationship was evident. In the male sample, after 
controlling for the effect of age-at-death, intervertebral joint osteophyte presence in the 
thoracic region was significantly associated with larger ratio values of variables that 
included upper and lower limb dimensions, both with and without vertebral column 
length. Interestingly, the effect was apparent at a greater number of vertebral levels in 
the upper limb / lower limb ratio variable. While this finding is in agreement with the 
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biomechanical models with regards to segment length ratios, it would have been 
expected that the variables containing the vertebral column length measurement would 
have shown the greatest effect. However, when intervertebral joint osteophyte severity 
is considered, the results more closely resemble the expected model predictions. For all 
but one of the vertebral column variables, after adjusting for age-at-death, intervertebral 
joint osteophyte severity was significantly associated with a greater upper to lower 
segment ratio, particularly around the thoracolumbar junction. In addition, osteophyte 
severity was also related to a greater vertebral column length / upper limb length ratio 
and the variables not containing vertebral column length were no longer significant after 
controlling for age-at-death. 
Similar results were observed for males with respect to the facet joints, with 
osteophytosis being related to larger upper to lower segment ratio values at the majority 
of vertebral levels. After controlling for age-at-death, osteophyte presence was once 
again significantly associated with the upper limb / lower limb variables at a greater 
number of levels, albeit in the lower cervical and lumbar regions with regards to the 
facet joints. However, in contrast to the intervertebral joints, facet osteophyte presence 
in the middle thoracic was related to a greater vertebral column length / upper limb 
length ratio. In keeping with the intervertebral joints, facet osteophyte severity also 
appeared more strongly associated with the vertebral column length ratios compared to 
the osteophyte presence results. It would therefore appear that for males, the results 
pertaining to both intervertebral and facet joint osteophytosis support the mechanical 
loading model predictions. Vertebral joint osteophytes in the male archaeological 
sample are significantly associated with greater upper to lower segment ratios, and the 
findings with regards to osteophyte severity in particular, lend evidence to the 
expectation that trunk length would have the greatest effect. 
in respect of the female sample, the mechanical loading variable findings, with the 
exception of facet joint osteophyte severity, were in almost complete contrast when 
compared to the male results. Intervertebral joint osteophyte presence and severity, as 
well as facet osteophyte presence, were all associated with smaller upper segment to 
lower segment ratios, particularly in the thoracic region and in relation to the vertebral 
column length ratios. However, after controlling for age-at-death only a small minority 
of these variables remained significant, notably at the dens. With regards to facet joint 
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osteophyte severity, the results that remained significant after the age-at-death 
adjustment were in agreement with the male findings. For these variables, which all 
included vertebral column length, facet osteophyte severity at T2/T3 andT4/T5 was 
associated with greater upper segment to lower segment ratios. Interestingly, facet 
osteophyte presence at T6M was related to smaller segment to lower segment ratios, 
which may suggest two potentially contrasting biornechanical processes taking place in 
the thoracic. 
In keeping with the skeletal element measurements, the mechanical loading variable 
results show considerable disparity between males and females, the biornechanical 
implications of which can once again be considered in terms of potential between-sex 
differences in occupation. The prevalence studies described in Chapter 4 show that 
frequent occupational mechanical loading over a sustained period is a significant risk 
factor related to vertebral joint osteophytosis (Kellgren and Lawrence, 1952; Lawrence, 
1969a; O'Neill et al., 1999; Riihimdki et al., 1990; Seidler et al., 200 1). The above 
analyses of the results with regards to the archaeological sample show that both 
intervertebral and facet joint osteophytes in males are significantly associated with 
segment ratios that increase the length of the lever arm, which supports the mechanical 
loading model. For this effect to be apparent, a large proportion of the male sample was 
presumably performing regular manual handling activities as part of their profession. 
In contrast, the results in relation to females, for the most part, do not support the 
mechanical loading model. After controlling for age-at-death there was very little 
interaction between the variables. In fact, the few variables that remained significant 
indicated that vertebral joint osteophytosis in the female sample was associated with a 
smaller upper to lower segment ratio. In relation to the mechanical loading model, these 
findings suggest that females were not engaged in occupations which required high 
levels of manual handling. However, the results with regards to facet osteophyte 
severity in the female sample do support the biomechanical model. Severity in 
particular has been shown to be related to high levels of occupational loading (Kellgren 
and Lawrence, 1952; Seidler et al., 200 1). This may explain why for both sexes, 
particularly in relation to males, the results show severity as being significantly 
associated with those variables that most accurately reflect the affects of body 
proportion on the biomechanical loading model. 
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7.1.4.3 Locomotion Variables 
As previously described in Chapter 3, during bipedal locomotion a sudden force is 
generated as the heel makes contact with the ground. The force, known as the heelstrike 
transient (HST), has been shown to move superiorly through the skeleton and into the 
vertebral column (Callaghan et al., 1999; Cappozzo, 1984; Wilke et al., 1999). The 
magnitude of the HST is dependent on several factors; the velocity of the heel, the total 
mass to be decelerated and the deceleration time, the latter of which is governed in part 
by the size of the heel pad (Whittle, 1999). As a consequence, both the mass to be 
decelerated and the duration of deceleration are affected by body proportion. Because 
the size of the heel pad is determined by the size of the calcaneus, smaller calcaneal 
dimensions relative to other skeletal measurements would be expected to produce a 
larger HST. Furthermore, the degree of attenuation of the HST is dependent on the 
shock absorbing properties of the lower limbs, particularly limb length and the size of 
the joints, which will also be affected by the lower segment dimensions in relation to 
the upper segment. 
The amount of force reaching the vertebral column joints, and therefore the potential 
increased risk of degenerative change, has also been investigated using ratio variables. 
In order to examine the possible effect of heel Pad size, both calcaneal length and 
breadth composite variables were created as ratios of upper and lower segment 
measurements. With regards to the shock absorbing properties of the lower segment. 
variables were created as ratios of limb joint size and upper segment dimensions. 
In the male sample, the results pertaining to the heel pad show that, after controlling for 
age-at-death, intervertebral joint osteophyte presence and severity in the upper and 
lower thoracic were significantly associated with smaller calcaneal length ratios. With 
regards to calcaneal breadth, intervertebral. joint osteophyte presence in the middle 
thoracic was also related to smaller ratio values, particularly in respect of the upper limb 
and lower limb joint variables. In the case of facet osteophyte presence, while a similar 
relationship was evident in the cervical and lower thoracic, in the middle thoracic 
osteophytosis was associated with a larger calcaneal length as a ratio of upper ýegment 
and lower limb measurements. Furthermore, facet osteophyte severity in the middle 
thoracic was related to both larger calcaneal length and breadth ratio variables. 
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With regards to shock absorption in the lower limbs, the results revealed that 
intervertebral joint osteophyte severity in the lower thoracic and upper lumbar was 
associated with smaller lower limb joint dimensions as ratios of upper segment 
measurements. However in relation to intervertebral joint osteophyte presence, this was 
only evident for the tibial proximal epicondylar breath as a ratio of the humeral 
composite variable. Both intervertebral and facet osteophytosis in the lower cervical 
and upper thoracic regions were associated with smaller lower limb joint ratios, 
although in the case of facet osteophyte severity, this was only apparent in relation to 
the femoral head diameter variables. 
The male sample results relating to intervertebral joint osteophyte presence and severity, 
and for the most part facet joint osteophyte presence, support the theory that the amount 
of force generated during locomotion, and therefore the level of risk of associated with 
vertebral joint degeneration, will be related to individual differences in body proportion. 
However, as with the skeletal element results, the interpretation of the ratio variable 
analyses is made more difficult, due to the high correlation between the individual 
skeletal measurements. The possibility exists that the intervertebral joint osteophytc 
locomotion variable results are an artefact of the findings in relation to mechanical 
loading, or vice versa, as the lower limb length variables correlate with both the 
calcaneal and the lower limb joint measurements. A comparison of the mechanical 
loading and locomotion ratios reveals that several of the significant findings occur at the 
same vertebral levels, which may suggest that there is in fact a relationship between 
both sets of results. However, the facet joint severity results neither support the 
locomotion model nor do they match the mechanical loading variable analyses. 
In the female sample, the heel pad variable results show that after controlling for age-at- 
death, intervertebral joint osteophyte presence in the thoracic and lower cervical regions 
were associated with larger ratio values with regards to calcaneal length and breadth 
respectively. Similarly, intervertebral. joint osteophyte severity in the lower thoracic 
and lumbar in relation to calcaneal length, and in the lower cervical with regards to 
calcaneal breadth, were again associated with larger ratio variable values. In contrast 
however, intervertebral joint osteophyte severity in the cervical and upper thoracic was 
associated with smaller calcaneal length ratios. With regards to the facet joints, 
osteophyte presence and severity in the cervical, lower thoracic and lumbar were related 
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to smaller calcaneal length ratios, while those in the middle and lower thoracic were 
associated with larger ratio values. As with the intervertebral results, facet osteophyte 
severity in the lower cervical was related to larger calcaneal breadth ratios. However, 
with regards to osteophyte presence, there were no significant values remaining. There 
were also no significant results remaining regarding the shock absorption variables and 
intervertebral joint osteophyte presence, and only one in the lumbar region in relation to 
severity, which was associated with a larger ratio value. Both facet joint osteophyte 
presence and severity in the thoracic and lumbar regions were related to smaller ratio 
values, while conversely, osteophyte severity in the cervical region was associated with 
larger ratio variable values. 
Some of the female results are in agreement with the locomotion model, particularly in 
relation to calcaneal length and intervertebral joint osteophyte severity in the lower 
cervical / upper thoracic as well as facet osteophyte presence and severity in the cervical 
and lower thoracic / lumbar regions. The results pertaining to facet joint osteophytosis 
in the thoracic and lumbar regions, in respect of the lower limb joint ratios, also fit the 
locomotion model. However, several of the significant variables also go against the 
model, particularly in relation to the calcancal breadth ratios and ostcophytosis in the 
lower cervical region. As with the male sample, albeit with the opposite relationship, 
some of the female results may be as a direct consequence of the strength of the 
correlation between skeletal measurements, although only a few of the significant 
values actually coincide at the same vertebral level. Furthermore, some of the findings 
appear to be contradictory. The male intervertebral joint osteophyte severity results, in 
relation to calcaneal breadth, were the reverse of what was observed with regards to 
facet joint osteophyte presence. In addition, for both sexes the opposite effect was 
apparent for certain ratio variables at different vertebral levels. This result is 
unexpected as the direction of the effect of calcaneal and lower limb joint dimension 
ratios on vertebral joint osteophytosis, as a result of the amount of shock produced by 
the heel strike, should be the same at all vertebral levels. There is also little similarity 
between the results relating the calcaneal length and breadth ratios, which would also 
not be expected, although the difference may be explained, in part, by the fact that the 
former measurement correlates more strongly with the majority of other skeletal 
element variables compared to the latter. 
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When taken in its entirety the evidence produced by the locomotion variable results 
does not support the locomotion heel strike model. The opposing effect on vertebral 
joint osteophytosis of the locomotion ratio variable means, at different vertebral regions, 
may be as a direct result of the correlation between individual measurements and their 
relationship with degeneration, which was shown with regards to the skeletal element 
results. It may well be that the effect of body proportion on the HST does result in an 
increase in shock through the vertebral column, but it is either negligible and / or 
masked by the overall strength of the aforementioned relationship between body size 
and osteophytosis. However, it could also be the case that the size of the heel pad does 
not correlate strongly with calcaneal measurements. Although not widely studied, there 
is some evidence to support this suggestion as the difference in the dimensions of the 
heel pad under compression, compared to its unloaded measurements, have been shown 
to vary greatly among individuals (Fuller and Hogge, 1998). 
.,. 7.1.5 Archaeological Significance of the Results 
As discussed in Section 7.1.3, the results revealed a positive relationship between age- 
at-death and the skeletal measurements in the female sample and a negative association 
in the male sample. Stunting and the accompanying reduced longevity are commonly 
linked with poor nutrition and health, typically associated with low socioeconomic 
status. However, natural short stature that has not been brought about by illness or 
inadequate nutrition is thought to confer longevity, and may actually be an adaptation 
that is selected for (Engeland et al., 2003; Gunnell et al., 1998; Jousilahti et al., 2000; 
Langenberg et al., 2005; Samaras et al., 2003; Samaras and Storms, 2002; Samaras et 
al., 2003; Sekler, 1980; Song et al., 2003; Tanner, 1982). This brings about the 
possibility that two opposite mechanisms were operating in the archaeological 
population, the stunting of females, resulting in a positive relationship between body 
size and age-at-death, and adaptive short stature in males, leading to a negative 
association. As adaptive short stature would be expected to apply to both sexes, the 
apparent difference could indicate a possible sex bias in the provision of care during 
infancy. 
An examination of the between-sex difference in upper to lower segment ratios, in 
relation to age-at-death, lends some evidence to support this hypothesis. The mean 
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vertebral column length divided by femur and tibia length in males was the same value 
for individuals both < 50 years and ý! 50 years of age at the time of death. There was 
also no significant between-sex difference in the ý! 50 years group for this variable. 
Conversely, with regards to females, the same mean ratio value was greater in the < 50 
years group, which was significantly different when compared to the male sample. 
These findings show that females below 50 years of age at the time of death had shorter 
lower limbs in relation to their trunk length compared to the older group, which would 
be expected in stunted individuals as their shorter stature is a result of reduced lower 
limb length (Bogin et al., 2002; Cole, 2000; Jantz and Jantz, 1999; Malina et al., 2004; 
Sanna and Soro, 2000). However, age related changes in vertebral body shape cannot 
be ruled out as an explanation for this observation (Goh, et al., 2000; Shao et al., 2002). 
Interestingly, research has shown that in certain populations male nutritional preference 
is not related to low socioeconomic status, and that it is in fact more likely to occur in 
families of greater wealth (Miller, 1997). This is thought to be due to the expected 
future cost, as opposed to the current cost, associated with females. When daughters 
married they no longer contributed to the prosperity of the family and may even have 
been a drain on resources as a result of the dowry. Conversely, males tended. to remain 
in the family unit, may have brought in a dowry, worked in the family business and 
were able to provide support when their parents reached old age (ibid. ). - 
-1 . 0- !I-'. 1 ., *. :.,. !ý-?. -. 
Notwithstanding the demographics of the archaeological sample, -the frequency of 
vertebral joint osteophytes was much greater in comparison to the general population 
studies, including those investigations which consisted of elderly participants. As 
previously discussed, similar frequencies only become apparent when occupational 
studies are taken into account. With regards to the cervical region, the level of 
intervertebral joint osteophytosis was most similar to manual, textile and professional 
workers, which are all vocations that require flexion of the head and upper body over 
prolonged periods. This would suggest that many of the individuals in the 
archaeological sample with cervical osteophytosis had carried out tasks that required a 
similar working posture. When occupation is considered in relation to the lumbar 
region, osteophyte frequency in the archaeological sample is most comparable to miners 
and manual workers. Mining in particular requires frequent manual handling, and 
working with the lower spine in a flexed position for long periods. This grouping 
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suggests that individuals in the archaeological sample may have also carried out regular 
heavy physical labour over a sustained period at some point during their working lives. 
The comparison of the osteophyte frequency results to modem data implies differing 
occupational / functional groupings may be evident within the archaeological sample. 
However, although the research findings in part support this supposition, it is sex 
differences in the relationship between vertebral joint osteophytosis and the skeletal 
metric measurements that are particularly apparent. With regards to males, the results 
show that cervical and upper / middle thoracic vertebral joint osteophytosis was 
associated with smaller skeletal dimensions, while osteophytes in the lower thoracic and 
lumbar region were related to larger skeletal measurements. It is known that a large 
proportion of the male named sample worked in the silk industry as weavers. It has also 
been established from historical accounts that the operation of a draw loom of that 
period required working in an almost Permanently flexed position (Kerridge, 1985; 
Mitchell et al., 1840). It would be tempting to explain the link between upper vertebral 
joint osteophytosis and small body dimensions solely on the grounds of ergonomics, 
with small body size being less suited to the loom resulting in greater degeneration. 
However, contemporary records also suggest that the Spitalfields weavers were 
particularly slight of build (Mitchell et al., 1840). It is therefore also possible that the 
relationship revealed by the research data was a result of the anthropometric properties 
of the weaving population. That being the case the osteological evidence would support 
the historical accounts and vice versa, but not necessarily the biomechanical 
implications of ergonomic design. 
Regarding the lower thoracic and lumbar regions, while osteophytes were associated 
with larger measurements, very few of these were actually significant. Interestingly, 
those measurements that were significant, particularly with respect to intervertebral 
joint osteophytes, were almost all related to upper segment variables. This suggests that 
although lumbar osteophyte frequency was high, it was not in general related to 
absolute body size in males. However, when the mechanical loading variable results are 
considered, which are in agreement with the biomechanical models described in Chapter 
3, a possible explanation for the level of osteophytosis becomes apparent. Vertebral 
joint osteophytes in the thoracic and lumbar regions were shown to be significantly 
associated with larger upper segment to lower segment ratio values, which suggests that 
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high levels of manual handling were being carried out by males in the archaeological 
sample. This finding supports the historical view that in addition to working the loom, 
weavers were also engaged in the frequent heavy lifting and carrying of warping beams, 
cones of yam and rolls of woven silk (Lowry, 2004; Lowry, 2008). 
Once again the fact that the weavers were described as being small in size must be 
considered. As previously mentioned, unlike in relation to females, the results show no 
evidence of stunting with regards to age-at-death in the male sample. Nevertheless, the 
apparent short stature of the weavers could have been as a consequence of reduced 
lower limb length, brought about by environmental factors during infancy that had not 
been severe enough to affect their longevity. Although unlikely, if this were the case it 
would suggest that the relationship between vertebral joint osteophytes and upper to 
lower segment ratio may also be due to the anthropornetry of the weavers in general, as 
opposed to the biomechanical effects of body proportion alone. 
With regards to the female sample, while there was some evidence that vertebral joint 
osteophytes in the upper cervical were related to small body size, only a small number 
of variables were actually significant. In contrast, osteophytosis in the lower cervical, 
thoracic and lumbar regions was associated with larger skeletal dimensions. This 
relationship was particularly evident for middle thoracic and lumbar osteophytes, which 
were significantly associated with the majority of skeletal measurements at multiple 
vertebral levels. As previously described, clinical studies have shown a significant 
correlation between lumbar osteophytosis and height (Lawrence, 1955; Oishi et al., 
2003). The study by Lawrence (1955) in particular observed that the severity of 
degeneration was related to both height and trunk length in individuals who worked in 
stooped and / or kneeling postures. Unfortunately, unlike for males, the occupation of 
the female named sample is largely unknown. While women undoubtedly did work as 
silk weavers, as evidenced by the registers of the French hospital, this practice did not 
appear to become widespread until the middle to late I 9th century (Marmoy, 1977a; 
Marmoy, 1977b), which was after the period during which the archaeological sample 
were laid to rest. The records show that during the period of interment, women for the 
most part appear to have been engaged in ancillary work related to the silk industry. 
Many of these occupations required the operation of machinery, which was performed 
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while seated and / or lent over in a continually flexed posture (Lowry, 2004; Lowry, 
2008). 
From a biomechanical perspective greater force would be applied to the vertebral joints 
of individuals with a longer back during postural change. Furthermore, unlike the 
mechanical handling models, this would not be expected to be greatly influenced by 
lower limb length. It is possible that the association between vertebral joint 
osteophytosis and large body size in females is due to the affect of greater trunk length 
while performing repeated and / or sustained flexion of the spine, and the overall 
correlation between skeletal measurements. In addition, the female mechanical loading 
results revealed virtually no relationship between vertebral joint osteophytosis and the 
ratio variables. This would suggest that females in the archaeological sample had not 
performed frequent heavy lifting and may have been engaged in the ancillary 
occupations related to the silk industry as inferred by the historical accounts. 
interestingly, in support of this hypothesis, the static and dynamic loading comparisons 
described in Section 3.2.4 show that seated flexion while holding a weight exerts a 
greater force on the thoracic spine compared to performing the same change of posture 
while standing. 
A further possible explanation for the relationship between thoracic and lumbar 
vertebral joint osteophytosis and greater overall body size in the female archaeological 
sample is revealed by the clinical studies. Biering-Sorensen et al. (1985) and O'Neill el 
al. (1999) observed that a larger body size, in the form of body mass index (BMI), was 
associated with intervertebral joint osteophytosis in the thoracolumbar spine. Both 
studies found that the greatest effect was in the thoracic region and that the relationship 
was strongest with regards to females, which is also in agreement with the results of the 
archaeological sample. The all female studies carried out by Hassett et al. (2003), Oishi 
et al. (2003) and Symmons et al. (199 1) also showed that lumbar osteophytosis was 
associated with body mass index. In addition, Hassett et al. (2003) found that increased 
BMI was able to predict osteophyte progression, while Symmons et al. (199 1) observed 
that BMI was also related to the occurrence of new cases of lumbar osteophytosis. This 
similarity in results may indicate that a greater body mass (BM), and subsequent 
increase in mechanical load, was responsible in some cases for the vertebral joint 
osteophytosis observed in the archaeological sample. Although an accurate estimate of 
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BM was outside the remit of this investigation, the use of skeletal width and breadth 
dimensions, particularly femoral head size, are typically employed in body mass 
equations (Auerbach and Ruff, 2004). Interestingly, in the female sample, where a 
significant relationship was most evident, middle thoracic intervertebral. joint 
osteophyte severity was predominantly associated with greater skeletal diameter and 
breadth measurements, whereas facet joint osteophytosis was related to increased long 
bone lengths. This finding, in keeping with the frequency data, supports the suggestion 
that shear force at the intervertebral. joints during postural change, as opposed to 
compression, may have the greatest effect on the development of facet joint 
osteophytes. 
7.2 Summary 
There were several limitations considered as part of this investigation. The use of a 
documented archaeological collection resulted in a small sample size. In addition, the 
size of the sample was further reduced as a consequence of both the taphonomic 
preservation of the material and post excavation damage. With regards to the recording 
of joint pathology, potential differences between osteological and radiographic 
. --methodologies were taken 
into account, and it was acknowledged that the age 
I ý., .ýI. demographics of the attritional sample were not representative of a 
living population. 
. J, -- Furthermore, the inability to account for the effects of soft tissue in an osteological 
investigation was also acknowledged. 
When compared to modem studies, although intervertebral joint osteophyte frequency 
was greater than the majority of general population samples, when occupation was 
taken into account, the prevalence was most similar to manual workers. In addition, the 
linear association observed between intervertebral joint osteophyte frequency and age- 
at-death was also in keeping with living population studies, which have investigated 
osteophyte prevalence in relation to age. With regards to intervertebral joint osteophyte 
frequency and sex, unlike the results of the living population studies, there was no 
difference in prevalence between males and females. However, when age-at-death was 
considered (< 50 years), osteophyte frequency was greater in males, which is 
comparable to modem prevalence data. 
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The significant correlation between intervertebral and facet joint osteophytosis in the 
cervical, upper thoracic and lumbar regions support the findings of the studies discussed 
in Chapter 4, which suggest that an increase in mechanical stress as a result of disc 
degeneration result in degeneration of the facet joints. However, the inverse 
relationship between the frequency of intervertebral and facet joint osteophytes in the 
lower cervical and middle to lower thoracic regions contradicts these studies. As this 
relationship is shown to occur where the spinal curvature is tangential to the vertical, the 
results suggest that in these regions it is shear force at the motion segment that may be 
responsible for facet degeneration. 
Regarding the metric variables and vertebral joint osteophytosis in males, the 
predominant relationship between smaller skeletal measurements and vertebral joint 
osteophytes, particularly in the cervical and thoracic regions, suggests a possible 
ergonomic constraint. This may be due to small body size requiring greater flexion of a 
certain area of the vertebral column compared to an individual with larger dimensions. 
In contrast, the results for females show a significant relationship between vertebral 
joint osteophytes and greater skeletal measurements, which may suggest a different 
ergonomic constraint, such as working while seated. 
Between-sex differences were also apparent with regards to the mechanical loading 
variable results. The results show that vertebral joint osteophytes in-males- were,: i 
significantly associated with greater upper to lower body segment ratios, which may 
indicate frequent occupational manual handling. However, although there was some 
indication that facet joint osteophyte severity in females was also associated with 
greater upper to lower body segment ratios, the remaining results did not support the 
mechanical loading model. Interestingly, for both sexes the results in relation to 
vertebral joint osteophyte severity, which studies have shown to be particularly 
associated with occupational loading, were the most relevant to the biornechanical 
models. With regards to the locomotion variables, the contradictory results do not lend 
support the heel strike transient model. This may be as a result of the association 
between vertebral joint osteophytes and the skeletal element means, which are in some 
cases greater or smaller depending on the particular vertebral level. 
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With regards to the archaeological significance of the results, the analyses of the 
skeletal measurements and age-at-death show evidence of stunting apparent in the 
female sample, while conversely, adaptive short stature in males. This finding may 
suggest a sex bias in feeding practices and / or infant care during the early years of 
childhood. The aforementioned suggestion that ergonomic constraints may be 
responsible for the distribution of vertebral joint osteophytes in relation to the metric 
variables can be considered in terms of the occupational environment of the 
archaeological sample. The majority of the male sample would have worked as silk 
weavers, an occupation known to require long periods of time working while adopting a 
flexed posture, and one which undoubtedly affected different vertebral levels depending 
on body size. The possibility of frequent manual handling identified by the mechanical 
loading variable results also supports the occupational environment of the weavers. The 
lifting and carrying of warping beams, cones of yam and rolls of woven silk were all 
activities that would have been frequently performed. Although the exact occupation of 
the female sample is unknown, contemporary records show that women undertook 
many ancillary occupations in relation to the silk industry, the majority of which were 
performed seated while adopting a flexed posture. This may explain the strong 
correlation between vertebral joint osteophytes and body size due to the effect of the 
lever arm model. However, an alternative explanation is apparent in the clinical studies, 
which have shown that increased body size, particularly in females, is related to 
intervertebral joint osteophytes in the thoracic region. 
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CHAPTER 8- CONCLUSIONS AND RECOMMENDATIONS 
This novel study has attempted to provide a biornechanical explanation for the 
appearance of vertebral joint osteophytes through the use of biometric data. Chapter 8 
discusses the usefulness and relevance of the research findings, along with 
recommendations for further work as a direct consequence of these results. 
8.1 Conclusions 
The conclusions begin by examining to what extent the research aims outlined in the 
introduction have been successfully achieved, followed by a consideration of the 
archaeological, clinical and biornechanical relevance of the research, and a review of the 
effectiveness of the methodological approach. 
8.1.1 Conclusions - The Research Aims 
The first research aim sought to identify the biornechanical effects of occupation on the 
frequency of vertebral joint osteophytosis in a documented archaeological population. 
In order to carry out this aim, vertebral joint osteophyte frequency was compared to 
both general population and occupational osteoPhyte prevalence data from modem 
clinical studies. In addition, the frequency of intervertebral and facet joint osteophytes 
was compared within the research sample, in relation to both age-at-death and sex. 
Although the results showed the frequency of intervertebral joint osteophytosis to be 
similar to certain modem occupational groups, the research limitations discussed in the 
previous chapter, along with the inconsistency in both the grading and sampling 
methods employed in clinical studies, also have to be taken into consideration. It must 
be concluded, therefore, that with respect to the modem data comparison no str ong 
evidence exists for the biornechanical effects of a particular occupational group in the 
archaeological sample. However, between-sex variation in osteophyte frequency was 
observed in the archaeological sample, which is suggestive of occupational differences 
in relation to males and females. Furthermore, the results show that while intervertebral 
joint osteophytes were more frequent in males, the opposite relationship was apparent 
with regards to facet joint osteophytosis. This is of particular interest as the vertebral 
level comparison between intervertebral and facet joint osteophytcs revealed an inverse 
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relationship, suggesting that different biomechanical forces acting on the motion 
segments may also be responsible for the between-sex variation. This finding does 
provide evidence for the effect of biomechanics on osteophyte frequency due to 
potential differences in male and female occupation. 
The purpose of the second research aim was to identify age and / or sex related 
differences in body proportion in a documented archaeological population. The 
significant correlation between age-at-death and the skeletal measurements was 
anticipated, as a result of which the relationship was subsequently controlled for when 
performing the statistical analyses of the metric data and vertebral joint osteophytosis. 
However, the between-sex difference in the number of measurements, and in certain 
cases the direction of the relationship, was not expected. The results showed a clear 
disparity with strong evidence in particular for stunting in females, possibly as a result 
of differential feeding practices, and / or a disparity between males and females in 
relation to childhood health. The apparent variation in skeletal measurements between 
males and females was also anticipated as a consequence of human sexual dimorphism. 
This finding is no less important as it highlights the requirement for separate analyses of 
the data for each sex. In fact some metric parameters that did not appear to vary 
between males and females, for example the upper segment to lower segments ratios, 
were shown to be significantly different when also analysed by age-at-death group. In 
the case of the vertebral column length divided by femur and tibia length variable, this 
was particularly important in providing further evidence for the apparent stunting 
observed in the female sample. 
The third research aim sought to investigate the biornechanical effects of body 
proportion on the presence and severity of vertebral joint osteophytosis in a documented 
archaeological population. The analyses of the metric variables were considered in 
terms of the individual skeletal measurements, the mechanical loading variables and the 
locomotion variables. Evidence in support of the biornechanical models with regards to 
locomotion was contradictory, and as such an association between the heel strike 
transient (HST) and vertebral joint osteophytosis in the research sample remains 
inconclusive. However, in contrast, very encouraging results were produced in relation 
to the skeletal element and mechanical loading variables, which showed a clear link 
between vertebral joint osteophytosis and body proportion in the research sample. With 
197 
regards to the individual skeletal element measurements for the male sample, vertebral 
joint osteophytes in the lower thoracic region were associated with larger measurements 
while those in the cervical, upper and middle thoracic were associated with smaller 
skeletal dimensions. This may indicate that overall males were engaged in similar 
activities but were affected differently, possibly as a result of poor ergonomics, or that 
smaller males were engaged in different activities compared to larger individuals. In 
both scenarios, greater flexion of the spine would be taking place at a particular 
vertebral region in individuals of differing body proportion. This would result in a 
variation in lever arm length at the given motion segment, and hence a variation in 
spinal load, which supports the basic biornechanical models presented in Chapter 3. 
While the results for the female sample were in agreement with the males in the lower 
thoracic and lumbar regions, in the upper and middle thoracic vertebral joint 
osteophytes continued to be associated with larger skeletal dimensions.. These findings 
suggest that females were, for the most, part engaged in different occupational activities 
to the males, otherwise the same osteophyte pattern in relation to body proportion 
would be apparent. 
Regarding the mechanical loading variables, the male results showed that vertebral joint 
osteophytes were associated with greater upper to lower segment ratios. These findings 
1, ý- were also in agreement with the biornechanical models described in Chapter 3, 
particularly in respect of osteophyte severity which, as predicted, was significantly 
related to greater trunk length ratios. The female results showed some similarity to the 
males with facet osteophyte severity in the upper thoracic also being associated with 
greater trunk length ratios. However, on the whole there was little evidence to support 
the biornechanical models, which again suggest that females were engaged in different 
occupational activities. As mechanical stress has already been firmly established as a 
risk factor for vertebral joint osteophytes, it can be concluded that in the case of the 
skeletal measurements and mechanical loading variables, the biomechanical effects of 
body proportion in relation to vertebral joint osteophytosis are apparent in the 
archaeological sample. 
When taken in the broader context, particularly in historical tenns, it appears that the 
social group engaged in the majority of manual work would also have been more likely 
to have had a greater upper to lower body segment due to stunting (Kuh et al., 1991). 
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Not only would these individuals have been at greater risk of vertebral joint 
degeneration through occupation, this would also have been compounded by the effects 
of their body segment dimensions. As stunted individuals are, typically, already more 
susceptible to ill health and reduced mortality (Forsen et al., 2000; Gunnell et al., 1998; 
Lawlor et al., 2004; Parker et al., 1998; Walker et al., 1989; Wamala et al., 1999), the 
research findings suggest a further health burden as a biomechanical consequence of 
their developmental growth. 
The purpose of the final research aim was to identify and / or substantiate occupational 
and environmental trends in a documented archaeological population through the 
analyses of vertebral joint osteophytosis and body proportion. As discussed in Chapter 
7, the relationship between short stature and age-at-death in the archaeological sample 
has previously been identified. However, by employing the use of upper to lower 
segment ratio variables this research has been able to identify in human skeletal remains 
factors predicted by modem studies on childhood development, namely that lower limb 
length is more sensitive to growth disruption during infancy compared to trunk length. 
When the results in relation to the third research aim are examined in the context of 18 th 
and I 9th Century sample populations' occupation and occupational health, it is possible 
to substantiate some of these findings with historical evidence. The association between 
cervical, upper and middle thoracic vertebral joint osteophytosis and small male body 
size supports the contemporary accounts that describe silk weavers as being diminutive, 
as these are the principle areas that would be affected by working a draw loom. This 
fact is also corroborated by historical accounts which describe the flexed working 
posture that was required while operating the loom. Furthermore, the areas of vertebral 
joint pathology observed in these particular individuals are also consistent with the 
symptoms described by silk weavers in the registers of the French Protestant Hospital. 
8.1.2 Conclusions - Research Relevance 
While clinical investigations have been able to explore the multifactorial aetiology of 
vertebral joint disease, to date the palaeopathological literature has tended to solely 
describe the condition in relation to the observable changes in human skeletal remains 
(Aufderheide and Rodriguez-Martin, 1998; Mann and Murphy, 1990; Ortner, 2003; 
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Roberts and Manchester, 1995; Waldron, 2009). The prevalence of vertebral joint 
pathology is regularly detailed in the human bone sections of archaeological reports, of 
which there is a large quantity, although many remain unpublished (Roberts and Cox, 
2003). However, for the most part, particularly in the absence of historical data, only 
inferences can be made as to the reasons behind the high frequency of vertebral joint 
pathology observed in many of these archaeological populations. The 
palaeopathological data is most often used for comparative purposes, which given the 
previously discussed limitations of attritional samples presents little real useful 
information. In the absence of other metabolic conditions, such as rheumatoid arthritis, 
diffuse idiopathic skeletal hyperostosis (DISH) or ankylosing spondylitis, occupation is 
regularly cited as a possible explanation for the occurrence of vertebral joint pathology 
(Roberts and Cox, 2003; Waldron and Cox, 1989). 
There are palaeopathological studies that have examined the relationship between joint 
disease and anthropometric parameters, although these have provided little in the way of 
aetiological insight. O'Connell (2004) investigated the occurrence of vertebral joint 
disease in relation to pelvic size and shape in an 18th and 19'h Century north western 
European skeletal sample (N = 103). Although not statistically significant, the results 
showed that all but one of the parameters put forward for statistical analysis correlated 
positively with degenerative change. However, as the material used by O'Connell 
(2004) was mainly comprised of individuals that were also included in this research 
sample, the results were undoubtedly as a result of the pelvic measurements being 
correlated with overall body size, as discussed in the previous chapter. Furthermore, no 
attempt was made to control for the effect of age-at-death, which the results of this 
study have also shown to be correlated with the skeletal measurements. Weiss (2006) 
included femoral head breadth and femoral length in her investigation into the 
associated between body mass an osteoarthritis (OA) (as determined by lipping, pitting 
and ebumation) in a North American skeletal sample dating from between 500 AD to 
1500 AD (N = 114). The results showed no relationship between anthropometry and 
evidence of vertebral joint degeneration. However, Weiss (2006) did observe a 
significant correlation between body mass (as determined by the femoral head breadth) 
and hip OA, which is not unexpected as this relationship is also observed in modem 
clinical studies (Lievense et al., 2002). 
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Although biological anthropology has greatly strengthened our understanding of past 
populations through the study of human skeletal remains, in the archaeological sample 
used in this study, analysis of vertebral joint osteophyte frequency alone would have 
revealed little information about the past habitual activity of the population. 
Furthermore, because a similar frequency of osteophytosis was apparent for both males 
and females, any differentiation in activity between the sexes would have been almost 
impossible to make. However, by analysing the pathology in relation to skeletal 
measurements and segment ratio variables, the findings of this research have identified 
a complex association between vertebral joint osteophytosis and both body size and 
relative body proportion, particularly in terms of upper and lower segment dimensions. 
This allows for a much greater understanding into the aetiology of vertebral joint 
pathology in archaeological populations by providing a functional explanation, which 
has the potential of identifying patterns of activity related to occupation and / or social 
status. 
As mentioned above, the results show a fundamental relationship between 
anthropornetry and the mechanical stresses associated with occupation and daily 
physical activity that are transmitted through the vertebral joints. In clinical terms, the 
upper to lower segment ratio may be a key risk factor for vertebral joint pathology, 
which could explain why some individuals are more susceptible than others. Because 
body proportion is for the most part a heritable trait, with the exception of the 
disruptions during development discussed in Chapter 2, this may also substantiate the 
strong genetic link associated with vertebral joint disease. With regards to 
biomechanics, the results in relation to upper and lower segment ratios support the 
theoretical models presented in Chapter 3 regarding the effects of body proportion 
during manual handling. As these models are primarily based on performing a back lift, 
this research has a broader contemporary relevance in that it particularly reinforces the 
need for the use of correct lifting techniques. 
8.1.3 Conclusions - Research Effectiveness 
The major limiting factor in this study has been the small size of the research sample. 
This has both limited the effectiveness of the statistical analyses and reduced the range 
of tests that could be usefully employed. While access to skeletal collections is a 
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privilege and should be by no means guaranteed, the initial proposal for this study was 
in part based on previous research that had included two additional documented 
archaeological samples of similar period and economic status (O'Connell, 2004). 
However, at the time of data recording these collections were regrettably no longer 
available. Although one of the larger North American documented samples could have 
been considered, this would not have allowed the investigation of specific 
archaeological questions of interest relating to 18 th and I 9th Century occupations and 
lifestyle. 
In respect of the statistical analyses, it became apparent when discussing the research 
I findings that the use of standardised data may have allowed for a greater comparison of 
the results with regards to the metric measurements. In particular, where segment ratios 
, were constructed of multiple upper and 
/ or lower skeletal element measurements, the 
use of Z scores may have provided an insight in to the relative strength of the 
relationship between the variables. Furthermore, the statistical tests had to be 
performed for all the metric variables at each vertebral level, for both intervertebral and 
facet joint osteophytes, and for presence / absence and severity. These tests were then 
0' , subsequently repeated while controlling 
for the affect of age-at-death. This resulted in a 
large amount of data, which was time consuming to produce and analyse. As a 
consequence it is recommended that a more basic methodological approach be 
-considered, particularly with the omission of the locomotion variables, which would 
also result in a reduced amount of data recording. 
[ 
1.: 8.2 Recommendations 
for Further Research 
The findings of this study raise a number of further questions, the investigation of which 
may benefit the field of biological anthropology along with clinical disciplines such as 
orthopaedics and rheumatology through the study of occupational health. These 
questions, along with suggested avenues of research, are detailed in this section. 
8.2.1 Human Osteology 
The individuals interred in the Christ Church crypt were predominantly from an urban 
population of relatively similar socioeconomic status. As a consequence, it is not 
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known to what extent the research findings are specific to this sample, are analogous to 
other archaeological samples, or are in fact representative of a general population 
sample. Furthermore, as all the individuals were western European in origin, the effect 
of ancestry remains unanswered, along with the degree to which the size of the research 
sample may have influenced the results. In addition, because this study concentrated 
exclusively on vertebral joint osteophytosis, the relationship between body proportion 
and other forms of vertebral joint pathology is also unknown. In an attempt to answer 
these questions, the following investigations are proposed using the basic 
methodological approach discussed in the previous section. 
In order to understand whether the results are a particular feature of the research sample, 
either as a result of population demographics and / or because of occupational 
constraints, a comparison of similar and contrasting archaeological populations is 
proposed. The aim of this investigation would be to identify a biometric profile, in 
relation to the distribution of vertebral joint pathology, for different archaeological 45 
populations in terms of the degree of rurality/urbanisation, geography and 
socioeconomic status. The study would also attempt to identify changing patterns of 
vertebral joint pathology in relation to anthropometric measurements over time, as well 
as to assess the impact of age-at-death demographics. Potential early-medieval skeletal 
collections include Llandough, a monastic site in South Glamorgan (Loe, 2003) and 
Raunds Furnells, a rural site in Northamptonshire (Ribot and Roberts, 1996). In ý ý- 
addition, the following late-medieval sites are proposed; Wharram. Percy, a rural site in 
North Yorkshire (Mays, 1996), St Helen-on-the-Walls, an urban site in York (Grauer, 
1993) and The Royal Mint, an urban site in London (Waldron, 200 1). 
The Terry collection, housed at the Smithsonian, Washington, is comprised of the 
skeletal remains from Caucasoid and Negroid individuals of varying socioeconomic 
status. Analyses of this collection should more accurately show the effects of 
anthropornetry on the distribution of vertebral joint osteophytes in a general population 
sample, as well as helping to substantiate or disprove the effects of ancestry. 
Furthermore, the large sample size (Hunt, 2008) would also improve the results of the 
statistical analyses, particularly by providing a greater number of cases for each 
osteophyte grade, as well as allowing for the use of more complex multivariate tests. In 
addition, the high number of individuals in each age group would allow for the effect of 
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age to be controlled for through case selection as opposed to using residual values and 
covariate techniques. 
Schmorl's nodes are a common pathological condition often observed in human skeletal 
remains (Faccia and Williams, 2008; Saluja et al., 1986; Slaus et al., 2004; Stirland and 
Waldron, 1997; Stroud, 1998; White, 1988). Although they are typically attributed to 
the vertical herniation of the nucleus pulposus, particularly in children, they have also 
been associated with the transverse herniation of the intervertebral disc in adults greater 
than 40 years of age (Hamanishi et al., 1994; Jensen et al., 1994; Resnick and 
Niwayama, 1978; Stdbler et al., 1997). As occupational manual handling is frequently 
shown to be a risk factor for prolapsed and herniated discs, the inclusion of Schmorl's 
nodes in the above osteological investigations is also recommended (Jorgensen et al., 
1994; Kelsey et al., 1984; Safti6 et al., 2006; Seidler et al., 2003). 
8.2.2 Occupational Health 
The further research suggested in this section attempts to ascertain the potential impact 
of the findings on the occupational health of current living populations. As previously 
discussed, the results of this study support the mechanical loading and body proportion 
bioniechanical models, which predict that individuals with a greater upper to lower 
segment ratio will experience higher levels of spinal loading. This phenomenon arises 
due to the increase in lever arm length, which by definition means that the individual 
will also have a comparatively greater reach. This poses an interesting psychological 
question. Does having a greater reach increase the possibility that an individual will lift 
an object that is further away? If true, this would also increase the likelihood of the 
biomechanical effect of the lever arm. Not only would someone with a high upper to 
lower segment ratio be exposed to greater mechanical stress during manual handling, 
there would also be a greater chance that they would forgo the correct lifting technique. 
Resnick et al. (1999) investigated compliance with performing a leg lift after training in 
relation to both anthropometric and personality parameters. Their results showed that 
while greater upper limb length decreased the chance of performing the correct 
technique, compliance was more likely in those individuals with a longer trunk. 
However, Resnick et al. (1999) did not include segment ratios in their methodological 
approach and the apparent contradictory results could have arisen due to their small 
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sample size (N = 16). It is proposed that a further compliance study be carried out using 
a larger sample and the inclusion of upper to lower body segment ratios. The 
identification of any anthropometric parameters associated with non-compliance would 
allow for a more directed approach to lifting training. 
As mentioned above, studies have shown that prolapsed and herniated intervertebral 
discs are associated with high levels of manual handling (Jorgensen et al., 1994; Kelsey 
et al., 1984; Safti6 et al., 2006; Seidler et al., 2003). Furthermore, as previously 
discussed in the introductory chapter, investigations into the risk factors associated with 
back disorders have not, to date, included upper to lower body segment ratios. In 
addition, prolapsed and herniated discs can be accurately diagnosed independently of 
other symptoms through magnetic resonance imaging (MRI), which controls for the 
aforementioned subjectivity that is frequently associated pain (Francavilla et al., 1987; 
Gosal and Harrison, 1995; Goýcifiski et al., 200 1; Kim et al., 1993; S zypryt et al., 
1988). It is suggested that an anthropometric investigation into the association between 
occupation related prolapsed and herniated intervertebral discs and body proportion be 
carried out. Healthcare employees are commonly linked with both frequent lifting and a 
high prevalence of back disorders (Engels et al., 1996; Marras et al., 1999a; Smedley et 
al., 1995; Smedley et al., 1997; Smedley et al., 1998; Trinkoff et al., 2002; Warming et 
al., 2008). The study could utilise a large hospital population and compare 
anthropometric parameters, including upper to lower body segment ratios, within and 
between confirmed cases and asymptomatic controls. 
8.3 Concluding Remarks 
While osteological investigations have considered the association between vertebral 
joint degeneration and certain biometric and demographic variables, there has been little 
attempt to explain why these relationships exist from a functional perspective. "Mis 
study has shown that in addition to identifying pathological patterns in skeletal 
populations, both the aetiology and mechanisms behind such patterns can be explored 
through the combination of biometric data and biornechanical principles. When 
biornechanical loading lever arm models are adapted to take into account differences in 
body segment lengths, a larger force is predicted through the vertebral joints of 
individuals with relatively greater trunk length compared to lower segment dimensions. 
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As high levels of mechanical loading are associated with vertebral joint disease, this 
would also be expected to be a risk factor in relation to degenerative change. Although 
previous anthropornetrical studies into back disorders have not included body segment 
ratios, a review of the literature has produced indirect evidence in support of this 
hypothesis. Populations shown to have a high upper to lower segment ratio (Caucasoid) 
have a greater prevalence of back disorders compared to populations with a smaller 
ratio value (Negroid). Through the innovative application of biomechanical models in 
osteological research, this investigation has produced direct evidence in support of the 
biomechanical theory. Although the analyses of vertebral joint osteophytosis and body 
proportion cannot, in isolation, identify specific occupations of past populations, this 
study has demonstrated that differences in occupational health can be ascertained, and 
that these differences are related to body proportion. 
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